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THE METABOLISM OF ADRENALINE 


Z M BACQ 

DepaHment of General Pathology and Therapeutics, The University of Liege, Belgium 


The purpose of this review is to bring together the useful information recently 
published on the normal metabolism of adrenahne m the body (see also other 
reviews, l-4b) 

It should be called to nund that adrenalme is physiologically hberated m the 
circulation in small amounts (a few pg per kg ), that it does not pass through the 
liver before reachmg the lungs nhere very little, if any, is mactivated (5), that 
it IS distributed to all the tissues by the arterial blood , and that most of its effects 
do not last longer than a few mmutes * 
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The structure of the adrenahne molecule shows that there are four points of 
attack for enxymes or oxidizmg agents 1) the methyl group attached on the 
mtrogen, 2) the hydroxyl of the secondary alcohol, 3) the animated two-carbon 
cham itself, and 4) the two phenohc hydroxyls 

* The presence in the tissues and in the blood of noradrenaline (arterenol-aminoethanol- 
catechol) la becoming increasingly probable (6, 7, 8, 9, 10, 11, 12) and the separation of its 
two optical isomers (13) is a useful step in the elucidation of its phj Biological importance 
(14) 

It seems that the properties of sympathin E (excitatorj) postulated by Cannon and 
Rosenblueth (16) arc those of noradrenaline and that sjTnpathin I (inhibitory) is adrenaline 
Thus the idea of a combination of adrenaline with specific, hjiiothetical cellular substances 
E and I is abandoned One comes back to the first concept of Cannon and Bacq (16) , 
sjTnp^hin IS the substance, or mixture of substances, liberated by adrenergic nerve action, 
and not adrenaline modified by contact with cellular elements 

One should speak, as suggested by von Euler (9), of sjmpathin N (noradrenaline) and 
sympathin A (adrenaline) to desenbe the two sjmpatbicomimetic substances synthesized 
by the tissues other than the adrenal medulla, tl e parotid gland of tropical toads and some 
modified nerve cells of Annelids, which are known to aynthclizo pure f-adrenaline (17) The 
metabolism of arterenol has many points m common with that of adrenaline, but it is not 
'-’"ccBsanly the same 
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injections (38) There is also some evidence that adrenahne m the artenal blood 
may, m certam conditions, be stored by the adrenal medulla itself (39) Un- 
fortunately, the chemical method of Shaw (30), even when modified (31), is not 
smtable for differentiatmg adrenahne from noradrenahne at the normal con- 
centrations of these substances m tissue extracts (40, 41) With this method, 
only heart extracts appear to give clear mdication of the presence of adrenahne 
as such Biological titration is certaml}’^ much more sensitive A sharp dif- 
ferentiation between adrenahne and noradrenaline can he obtamed by simulta- 
neously recordmg m the cat the responses of the sensitized nictitatmg membrane 
and of the non-pregnant uterus (10), but liighh punred extiacts are lequired 
and a vanable proportion of the active matenal is lost during the process of puri- 
fication Thus, when one is confronted with the pi oblera of the titration of small 
amounts of adrenahne in tissue extracts, the chemical method of Shaw is found 
gmhlahvely unsuitable, and the physiological method guaniiialively unrehable 
A more recent attempt to solve this problem is mterestmg By the combined 
use of a polyphenoloxidase from Alropa belladonna and the filter paper adsorption 
techmc (so useful for ammo acids), James has found it possible to differentiate 
adrenahne m the presence of arterenol (42) The fluorescence method is diffi- 
cult and, so far, has given contradictory results (43-46) 

Despite these difiBculties, there is httle doubt that the store of adrenahne-hke 
substances is mcreased by adrenalme mjections, that this phenomenon is lim- 
ited, and that it may have significance m certam pathological conditions (47) 
It w ould be desirable, how ever, to have more quantitative data on how much 
adrenalme, circulatmg m physiological concentrations, can leave the blood and 
be stored m tissues m a loose, inactive combination It has been shown recently 
that certain tissues can store large amounts of histamme (1 IS) 

Unexpected confirmation of this storage of active adrenaline b\ the ti^ues has 
come from recent obsenmtions on the ehmmation of free adrenalme m the urme 
when anesthetized dogs are mjected mtravenously mth large amounts of this 
amine Durmg the mjection, when renal vasoconstnction is maximal, there is 
httle or no secretion of urme, and such unne as is secreted does not contam adren- 
ahne The compound appears m the urme after the mjection is completed, 
when the cardiovascular effects have disappeared , it may be present m the unne 
an hour after the end of the mtrai enous mjection The peak of the excretion 
is reached m 30 to 40 minutes 

It is a well-knoivn fact that mjected adrenalme disappears rapidly from the 
blood (48, 121) , mdeed, m certam conditions, it may disappear from the blood 
at a time when some phimiological effects are still visible (49) The fact that 
free adrenahne appears m the urme for a long time after the mjection appears 
to imply that some of the free adrenalme stored by the tissues or the blood cells 
is slowly released and ehminated, provided the kidney is unable to hydrolyze 
sulfoconjugates (see page 8 to 12) 

111 The Methtl Group ox the Nitrooex The source of the — CHj at- 
tached to the nitrogen is not known, but it is not improbable that it comes from 
methionme, the methjl donor “par excellence" (3, 50), the use of modem tech- 
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A pnniaiy question is whether adrenaline is evcreted unchanged or taken up 
the tissues and retained m the cells in some type of loose biologically ' 
combmation, as is known for acetylcholine or histamine 

I Excretion of Unmodified Adrenaline It has not been reported 
adrenahne when given in physiological amounts passes the kidney bn' 
None of the many hypertensive substances found in the non-hydrolyzed unne 
normal men or hypertensive patients e'diibits properties correspondmg to 

of adrenahne or any catechol denvative Surprisingly, rather high conuv/uu 
tions (up to 5 X 10~*) have been found in the unne of anesthetized dogs giv 
large amounts of dZ-adrenahne (1 to 10 mg ) b3'- mtra\ enous mjection sub , ■ 
to the administration of an adrenolytic (22) substance (933 F, yohimbine), 1 
the quantities recovered were always small (23) ’ Naturally, because the quaz 
tity of adrenalme injected is enormous, the animal is often prostrate and ■ 
cannot consider its condition as physiological, but the presence of adrenalme 
also observed m some samples of normal unne, in seimral mstances, when the dn*^ 
ivas particularly excited or the blood pressure was low before mjection 

II Possibility of Tissue Storage of Active Adrenaline Phenolic sub- 
stances rapidly leave the circulating fluids and accumulate m the cells, and it 
seems that adrenahne follows this nile (24, 121) A considerable proportion of 
adrenalme added \n vitro to oxaJated or defibnnated cat’s blood enters the red 
cells, until equilibrium is reached It stays active m the red cell for at least ten 
hours at 38° C, it can be liberated simply by lakmg the blood (25) There is 
nothing m the plasma of mammals to destroy adrenalme, on the contrary, the 
blood contams many substances (protems, amino acids, ascorbic acid, gluta- 
thione, etc ) ivhich inhibit its autoxidation Adrenalme and all the catechol 
denvatives are more stable m body fluids or even m diluted plasma than m water 
or m sodium chlonde solution of the same pH 

There is a good deal of evidence in favor of an mcrease m the adrenalme (or 
sympathm) axtractable from the tissues after injection of adrenaline It is 
known that adrenalme-like substances can be extracted from sympathetic nerves, 
the heart and various other tissues, chemical evidence corroborates physiological 
assays (7, 28-32) Sympathetic denervation decreases this tissue store of adren- 
aline-like substances (7, 32-34), but it is not yet clear whether this decrease oc- 
curs in the effector cells or is merely the result of degeneration of the postgangli- 
onic adrenergic fibers m the extracted tissues 

There is good agreement between these observations and those shoivmg that 
the acetylcholine stores of various tissues innervated by cholinergic nerves dis- 
appear after section of these nerves (35-37) The concentration of acetylcholine 
or adrenalme-like substances m smooth muscle, heart, glands and ganghon cells 
appears to be a chemical constant controlled b^- the nervous system 

This epmephrme-like material, or absorbable chromogens (A C ), as it is called 
by certam authors for technical reasons (31, 32, 34), mcreases after adrenaline 

* Tlie same phenomenon has been observed in cats injected mth adrenaline (D U.chtcr 
and F 0 Mac Intosh, personal communicationl 
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possess an animated two carbon chain 


sC— CH,— N 


If the a-carbon is 


substituted /for example, bj' a methyl radical, 


not oxidized and becomes an inhibitor of the enzjTue (59,60) Blaschko, Richter 
and Schlossman (54) re-descnbed under the name of “adrenabne-oxidasc” the 
tyramme-oxidase or the aliphatic amme-oxidase of Hare (61) and of Pugh and 
Quastel (62), the identity of these enzymatic sj'stems is unquestionable (59) 
Accordmgly this enzymatic system was correctly named “amme-oxidase" or 
monoamme-oxidase, its activity allowed satisfactory mterpretation of older ex- 
penments on the metabolism of t3Tamme (63) and of the ammes resultmg from 
putrefaction (64), which have been confirmed in man (65) 

Indirect arguments in favor of a phj'siological action of amme-oxidase were 
found m the fact that ephednne and amphetamine, which are not oxidized by 
this enzyme, are excreted unchanged by the kidneys (65) and that ephedrme, 
presumably by its inhibitory effect on amme-oxidase, mcreases the amount of 
sympathin (m this case, very probably adrenalme) hberated by sympathetic 
stimulation of the perfused rabbit’s ear (66) 

Nevertheless, it seems that the presence of this enzyme does not provide an 
adequate explanation for the rapid disappearance of low concentrations of 
adrenalme in the circulatmg blood The mam arguments are the following 

1) Amme-oxidase is concentrated m the liver, the mtestme and central nervous 
system In these strategic positions, it protects the organism and the nenm 
centers against the toxic action of the ammes ongmatmg from food digestion and 
bactenal action (67) 

2) Amine-oxidase is absent (67), or is present only in very small concentration 
(68), m tissues which, like the rabbit’s ear, inactivate adrenalme perfused through 
them 
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N 
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the amme is 


3) Lwer amme-oxidase requires 12 mmutes to mactivate an intro 50% of lO”'* 
M adrenalme (69) It can be calculated that the concentration of adrenahne 
which saturates 50% of the enzyme is greater than 1 5 X 10~* M, or 40 times that 
of tyramme Even if one assumes the enormous adrenaline concentration of 
10“* M, the enzyme w ould act at only 1% of its optimal activity, the physiological 
concentration of adrenalme m the blood is about 10“’ M Thus amme-oxidase 
is more prone to mactivate tyTamme or aliphatic ammes than to oxidize adren- 
abne (69) Philpot (77) correctly points out that conditions of enzyme activity 
tn taro are quite different from those tn mlro 

4) Evisceration, or temporary arrest of the circulation m the haer and the 
mtestme where amme-oxidase is concentrated, does not mcrease either the 
intensity or the duration of action of phymological amounts of adrenaline m- 
jected mtravenously in the dog (70) or in the cat (71) There is a slow' process 
of sensitization to adrenalme after evisceration, but this phenomenon is simply 
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Dies employing methyl groups labelled by deuterium or radioactive carbon 
settle this point Indeed, it has already been observed m du Vigneaud’s I"' 
tory that radioactive carbon concentrates m the adrenals of a rat fed iv 
methionine containing in its methyl radical (51) On the other hand, *' 

IS no evidence that adrenaline is demethylated m the body, noradrenaline 
to be the precursor of adrenaline and not the first step m its inactivation 
should be important, however, to eliminate every uncertainty since T 
dimethylxanthines and other methylated substances are demethylated in 
body (52) and since monomethylaminoethanol, the side-chain of adrenaline 
an excellent precursor of choline, as was shown by the aid of monomethylaminc 
ethanol labeled with deuterium in the methyl group (53) The possibility can 
not be excluded that adrenalin, or some of its oxidation denvatives m the senes 
of adrenochrome, might be a methyl donor 

The presence of a smgle methyl group on the nitrogen is a basic factor in the 
balance between excitatory and inhibitory actions of the catecholamines (see 
page 21) 

rv The Secootiary Alcohol Group This group is less important at first 
sight, but its rdle is not negligible m the oxidation to adrenochrome and beyond 
adrenochrome (see page 20), and m the determination of the relative potencies 
of the inhibitory and excitatory actions of the ammes derived from catechol 


V Deamination of the Side-Chain An enzyme called monoamme-oxidase, 
which IS concentrated m the hver, the mtestme and the central nervous system, 
mactivates adrenalme tn vitro Schematically, the reaction is as follows (54, 55) 


OH 



NHCHs 



This reaction is accompanied by complete physiological inactivation, methyl- 
amine, like all the aliphatic amines, has only a negbgible action The aldehyde 
(dihydroxyphenylacetaldehyde) resultmg from amme-oxidase action on oxy- 
tyramme has vasodilator properties (56, 57), but the amounts of aldehyde eventu- 
ally hberated from adrenalme byamine-oxidase in the body are too small to be of 
physiological interest (58) Furthermore these aldehydes are rapidly oxidized 

Amme-oxidase is not mactivated by cyanide, glutathione or sulfhydryl sub- 
stances (54) Adrenahne is not a specific substrate for this enzyme which 
oxidizes (and deammates) all amines, whether aromatic or aliphatic, which 
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possess an aminated two carbon 
substituted /for example, by a 


not oxidized and becomes an inhibitor of the enzyme (59, 60) Blaschko, Richter 
and Schlossman (54) re-descnbed under the name of “adrenahne-oxtdase" the 
tyramme-oxidase or the aliphatic amme-oxidase of Hare (61) and of Pugh and 
Quastel (62), the identity of these enzymatic systems is unquestionable (59), 
Accordingly this enzymatic system was correctly named "amine-oxtdase" or 
monoamme-oxidase, its activity allowed satisfactory mterpretation of older ex- 
periments on the metabolism of tyramme (63) and of the ammes resultmg from 
putrefaction (64), which have been confirmed m man (65) 

Indirect arguments m favor of a physiological action of amme-oxidase were 
found m the fact that ephednne and amphetamine, which are not oxidized by 
this enzyme, are excreted unchanged by the kidneys (65) and that ephedrme, 
presumably by its inhibitory effect on amme-oxidase, increases the amount of 
sympathin (m this case, very probably adrenahne) hberated by sympathetic 
stimulation of the perfused rabbit’s ear (66) 

Nevertheless, it seems that the presence of this enzyme does not provide an 
adequate explanation for the rapid disappearance of low concentrations of 
adrenaline m the circulatmg blood The mam arguments are the follow'mg 

1) Amme-oxidase is concentrated m the liver, the intestme and central nervous 
system In these strategic positions, it protects the organism and the nerve 
centers against the toxic action of the ammes origmatmg from food digestion and 
bacterial action (67) 

2) Amme-oxidase is absent (67), or is present only in very small concentration 
(68), m tissues which, like the rabbit’s ear, inactivate adrenalme perfused through 
them 

3) Liver amme-oxidase requires 12 minutes to mactivate tn intro 50% of 10"^ 
M adrenalme (69) It can be calculated that the concentration of adrenalme 
which saturates 50% of the enz 3 Tne is greater than 1 5 X 10~’ M, or 40 times that 
of tyramme Even if one assumes the enormous adrenalme concentration of 
10~* M, the enzyme would act at only 1% of its optimal activity, the physiological 
concentration of adrenahne in the blood is about 10~’ M Thus amme-oxidase 
13 more prone to mactivate tyramme or aliphatic ammes than to oxodize adren- 
ahne (69) Philpot (77) correctly pomts out that conditions of enz 3 Tne activity 
la tnvo are quite different from those tn vitro 

4) Evisceration, or temporary arrest of the circulation m the hver and the 
mtestme where amme-oxidase is concentrated, does not mcrease either the 
intensity or the duration of action of physiological amounts of adrenalme m- 
jected mtravenously m the dog (70) or m the cat (71) There is a slow process 
of sensitization to adrenalme after evisceration, but this phenomenon is simply 
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due to a drop in body temperature, it does not occur if the eviscerated animaJ is 
kept warm (73) ' 

6) It is unfair to compare the effects of adrenaline injected in the portal vein 
with the actions of an equal dose given intravenously In order to obtain, by 
the method of adrenalme mjection, a true idea of the inactivatmg power of the 
tissues tn silu, one must compare, on a distant test object, the results of intra- 
portal mjection with injection of the same physiological amount in an arteiy 
(the femoral, for example) imgatmg a mass of tissue approximately the same size 
as the liver The amount injected must be small in order to avoid complete 
arrest of circulation by arterial constriction With the denervated nictitating 
membrane and the non-pregnant cat’s uterus as test objects, it can be shown that 
from 75 to 90% of 2 to 5 fig of adrenalme disappear m the hind limb and that the 
same percentage is mactivated by the liver (72) 

6) The argument put forward by Gaddum and Kwiatkowski (66) that ephed- 
rme sensitizes to adrenalme by virtue of its inhibitory action on amme-oxidase 
does not seem to be valid for at least three reasons a) ephednne sensitizes tissues 
deprived of amme-oxidase (67), b) ephednne sensitizes m very weak concen- 
trations which tn vitro do not mhibit amine-oxidase (67), c) cocaine abolishes 
completely and rapidly the sympathomimetic action of ephednne, while it 
simultaneously mcreases the actions (mainly excitatory) of adrenalme (74) A 
detailed study of the effects of ephednne and adrenaline on various smooth 
muscles and under vanous physiological and pharmacological conditions shows 
beyond question that ephednne acts directly on the cells and not indirectly by 
way of a sensitization to the actions of adrenalme or sympathin For example, 
ephednne normally contracts the chronically denervated nictitatmg membrane 
of the anesthetized and even the adrenalectomized cat, tiius it acts on a tissue 
deprived of its store of adrenalme-like substances, m an ammal which has no 
adrenalme or sympathin m the circulation (74) It cannot be argued that 
cocame suppresses the action of ephednne because of its own inhibitory action 
on amme-oxidase, the fact that cocame rapidly mhibits the long-lasting contrac- 
tion of the nictitating membrane caused by the pnor injection of ephednne is 
not compatible with the hjqiothesis of Gaddum, supported by Tnpod (75) and 
MacGregor (76) 

7) The argument that cocame and the local anesthetics which sensitize to 
adrenalme also inhibit amme-oxidase (77) seems at first sight more difficult to 
refute But there is no parallehsm between the degree of enzyme mhibition and 
the sensitizing power For example, nupercame was found by Philpot (77) to be 
the best inhibitor of amme-oxidase, yet it potentiates only slightly the action of 
adrenaline on the nictitating membrane "tnsitu", in contrast procaine, a weaker 
inhibitor, sensitizes markedly (78) 

Furthermore, Philpot’s hypothesis does not explain why cocaine, instead of 
mcreasing, completely abolishes the action of tyramine and phenylethylamine 
(74) which arc oxidized tn intro by amme-oxidase (63, 64) 

The phenomena of sensitization and desensitization to sympathomimetic com 
Bounds are very complex m the case of cocame and local anesthetics, and at 
present cannot be interpreted on the basis of a theory of enzyme inhibition 
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8) Efficient inhibitors of amine-oxidase such as ethylurethane (54) do not 
sensitize in vivo to adrenaline Sulfoconjugated adrenalme is found in the urine 
of man and animals given large doses of adrenaline (80, 86, 87) Although the 
direct expenment has not been tned, there is a pnon no reason wh}'^ amme- 
oxidase should not deammate and oxidize the side-cham of the sulfuric ester of 
adrenahne or epmme 

9) Accordmg to Wemstem and Manning (79), the urme of rabbits given large 
doses of adrenahne shows the reaction for protocatechmc acid (OH)iC«H 3 COOH 
which should be the final product of the oxidation tn vivo of the aldehyde resultmg 
from aimne-oxidase action on adrenahne Unfortunately, as pomted out by 
Richter (80) and by Bemheim (1), these authors treated the urme with alkali 
and adrenahne, if present, would be converted m part to protocatechmc acid 
Inasmuch as the presence of free and conjugated adrenahne has been demon- 
strated m the urme, the evidence brought forw ard by Weinstein and Mannmg 
IS not conclusive Richter (80) tned \nthout success to find, by means of a 
sensitive color reaction, protocatechmc acid m his own urme after mgestion of 
large doses of epmme (61 mg ) or adrenalme (d or I, from 10 to 55 mg ) , even after 
acid hydrolysis, which should liberate protocatechuic acid from its sulfocon- 
jugate, the test was negative 

Florkm and Bacq (81), employmg Baumann’s method which avoids the use 
of alkali, have observed the presence of phenolic acid m the urme of a dog which 
received 150 mg of epmme by mtrapentoneal injection, but epmme is a better 
substrate for amme-oxidase than is adrenalme, and the amount injected was 
enormous 

Confirmation of the negative results of Richter is given by the fact that up to 
70% of tyramine perfused through the rabbit’s hver (63) was recovered as 4- 
oxyphenylacetic acid Large quantities of the same acid were found m the urme 
of dogs and rabbits after large doses of tyramme were given (63, 64) The as- 
sumption of Wemstem and Mannmg that protocatechuic acid (OH)iC8HiCOOH 
must be the final product of adrenahne oxidation by amme-oxidase is open to 
question If one considers the probable fate of dihydroxyphenyl-hydroxy- 
acetaldehyde (I) m the body, it appears that two flavoprotems (xanthine oxidase 
and a specific aldehyde oxydase) will oxidize it to the correspondmg acid (II), 
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which 13 the 3,4-hydroxyniandehc acid If this acid follows the metabolism 
of mandelic acid (CeHs CHOH COOH), it should be mainly excreted mth the 
two-carbon side-chain unaltered It might be partly suHoconjugated at the 
level of at least one of the phenolic groups An equilibnum might also occur 
between the acid and its ketone (III) (for bibliography, see ref 82, page 115) 

It IS not probable that the presence of the phenolic hydroxyls alters the fate 
of the side-chain since para-hydroxyphenyhcetic acid, OH CsEh CHj COOH, 
passes through the body unchanged (83) This last observation is interestmg 
because it shows that m this particular case the addition of a two-carbon side- 
chain to the phenol molecule inhibits the sulfoconjugation (see section V) 
Thus a careful review of the literature does not indicate how 3,4-oxymandelic 
acid could lose a carbon atom and be changed mto protocatechuic acid 

Even if one accepts the view that protocatechuic acid is formed from adren- 
ahne, one should find in the urine not only the sulfunc ester of this acid, but also 
some free acid and sulfoconjugated catechol It is knoivn that these three 
substances are found m the unne of the dog fed with protocatechuic acid (84) 

VI Esterification of the Phenolic Groups The two phenolic hydroxyls 
of adrenaline are essential in the determination of the quality and the mtensity 
of sympathomimetic action of the aromatic amines The OH in the mela position 
IS more important than the hydroxyl in the para position, but only catechol 
derivatives may be considered as true sympathomimetic ammes (see ref 85) 
Thus ox'idation or esterification of these two phenolic groups results in complete 
mactivation of the molecule, as far as the classical sympathomimetic effects are 
concerned 

Curiously, it was not before 1940 that the first contribution appeared on the 
possibility of detoxification of adrenaline by the mechanism of sulfoconjugation, 
a process so well known for phenolic substances The evidence given by Kichter 
(80) m favor of this mechanism is the following 

1) Richter ingested large amounts of d- or f-adrenalme (15 to 55 mg , per 76 
kg ) with glycine and acetic acid (to avoid, as far as possible, oxidation in the 
digestive tract) A substance was excreted in the unne which had the charac- 
tenstics of an adrenaline sulfoconjugate it was inactive before hydrolysis, after 
acid hydrolysis, it gave all the chemical reactions (specific and non-specific) of 
adrenalme’ and inhibited the isolated rabbit’s intestine 

2) By the use of a method accurate within 10%, it was shown that the excre- 
tion of this conjugated adrenaline began 3 hrs after the ingestion, was maximal 
m about 5 hrs and then slowly decreased in the course of 24 hrs The amount 
of adrenaline recovered as the sulfoconjugate vaned from 30 to 70% 

3) An increase in blood pressure indicated that, between 1 and 4 hrs after the 
mgestion, some active adrenaline reached the tissues, but certainly the greater 
part of the amine was detoxified in the intestme and the liver 

« Green color reaction with feme chlondc, formation of adrcnochromo and lodoadrcno- 
chrome, reduction of arsenomolybdic acid with a marked increase in color nnth NaOH, os 
described bj Shan (30) 
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4) Glycuronide tests were negative, tests for sulfunc esters vere positive 
The sulfoconjugate has not been isolated in pure state, its structure is tentatively 

given as O-SOt 0 (OH) C»H» CHOH CH, NHCH, 

6) Similar observations were made by Richter after ingestion of dZ-corbasil, 
(OH),C«Ha CHOH CH (NHi) CH,, and epinine, (OH),CeH, CH, CH, NH- 
CHj Confirmation of Richter’s observations has been provided by Richter and 
Macintosh (86) After hydrol3^is, adrenaline has been adequately identified 
pharmacologically, but only 39% of the ingested adrenaline was accounted for 
Beyer and Shapiro (87) have also confirmed Richter’s observations and added 
interestmg facts In dogs, 15 9 and 22 3% of 25 mg of ingested adrenaline were 
recovered m 8 hours as the sulfoconjugate A much higher amount (50 to 78%) 
of epmme was recovered m this form m 8 hours and the percentage rose to 83% 
when the unne was collected for 24 hours If 30 mg of epmme were injected 
subcutaneously m dogs, 40 to 50% was recovered m 8 hours as the sulfoconjugate, 
after mgestion of an equal amount, 50 to 79% was recovered m the same period 
An average of 65% of ingested cobefnne (3,4-dihydroxyphenyli3opropanola- 
mme), which is not oxidized hy amme-oxidase, was recovered m 24 hours as the 
sulfoconjugate 

Florlun and Bacq (81), quite mdependently from Richter, tried to find evi- 
dence for the excretion of the sulfoconjugate w ith a different technic In dogs 
weighing 6 to 7 kg , 100 mg of catechol (injected subcutaneously or mtra- 
pentoneally) are necessary to obtain a decrease below unity of the ratio 

^ in the unne collected during the 24 hrs following the mjection A 
6St6r o 

dose of 50 mg does not provoke the so-called “reversal” of the ratio If equi- 
molecular amounts of adrenalone (the ketone of adrenaline) or epmme are 


injected intrapentoneally in these dogs, the ratio 


morganic S 


remains unchanged 


ester S 

It cannot be concluded from these experiments that adrenalone and epmme 
are not estenfied Part of these catechol denvatives (50% or less) still may be 
detoxified by sulfoconjugation The presence of an aminated side-chain has 
undoubtedly modified the metabolism of the catechol nucleus * A more exten- 
sive use of Florkm and Bacq’s method might show with fair approximation what 
proportion of the amines derived from catechol is excreted as sulfoconjugate, but, 
at first sight, these results do not contradict the observations of Richter and of 
Beyer and Shapiro 

Deichmann (88) has observed no increase m glycuronides, but a marked de- 
crease of the ratio morganic/total sulfates in the unne of rabbits following oral, 
subcutaneous or intravenous administration of adrenaline Some of his results 
are m contradiction with the carefully controlled observations of Florkm and 
Bacq (81), and a far greater quantity of organic sulfates was excreted than could 
be accounted for by the conjugation of the administered adrenaline Dogson, 

* It has already been mentioned (page 8 ) that para-oxyphenylacetic acid, HO CtH^ 
CHj COOH, 18 excreted unchanged in the unne 
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Garton and Williams (201) failed to confirm Deichmaim’s obseriations, in 
rabbits gi\ en 200 to 250 mg /kg of d-adrenabne orally, they found insignificant 
amounts of sulfoconjugate in the unne, whereas 21% was excreted as a glu- 
curonide in 24 hours The question whether Z-adrenalme also forms a glu- 
curonide has yet to be investigated because f-adrenaline suppresses glucuronic 
acid conjugation in liver slices (202) 

The great objection to all these experiments is that very large, unphysiological 
amoimts of sympathomimetic compounds are needed One cannot extrapolate 
from these results what happens to a few micrograms of adrenalme m the artenal 
blood A further objection to Richter’s work is that the adrenaline was taken 
orallj’^ and consequently only a very small fraction reached the heart and the 
general circulation 

.AJthough the ability of the liver and mtestme to detoxifj’’ adrenaline is 
definitely established, it is beyond question (in contrast to, common behcf) that 
the hver is not the main site of detoxification of adrenalme cii culatmg m physio 
logical concentrations The experiments of Bacq (72) show that, if one uses 
very small amounts (2 to 5 ng), the cat’s hmd limb can inactivate as 'much 
adrenaline as the liver (see also ref 5) 

The enzymatic system called sulfosynthase which catalyzes the esterification 
of phenolic substances seems to be locahzed m the hver and in the mtestmal 
mucosa (89, 90, 104), although it has been reported that eviscerated animals still 
conjugate phenols (91) It has already been mentioned that evisceration does 
not increase or prolong the action of adrenaline injected in physiological amounts, 
thus it seems that the action of this hver sulfosynthase is not a predominant 
factor m the physiological inactivation of adrenalme 

Bemheim (1) pomts out that Richter’s observations leave certain important 
facts unexplained “Esterification does not require oxygen, yet perfused hver 
does not mactivate adrenalme unless oxygen is present and the same is true of 
isolated liver shces ’’ It appears, however, that the conjugation requires the 
energy produced by reactions coupled with oxygen consumption (87) The 
adrenalme ester recovered from the human unne is pharmacologically mactive 
in small doses (86 ) , from what w e know of the relation between chemical structure 
and physiological activity m the series of sympathomimetic armnes, “ it is 
also not entirely clear why esterification of one hydroxyl group should make 
adrenalme pharmacologically mactive, even though the sulfate ester of tvramme 
has been reported to be mactive m the rabbit” (92) 

Tnmethoxyphenylethylamine (mescaline) at a dose of 10 mg /kg is not 
sympathomimetically mactive (74), the monosulfuric ester of adrenalme still 
possesses a phenolic hydroxyl which is known to increase (markedly, if m the 
meta position) the action of aromatic ammes 

Of the two possible isomers of Richter’s ester, ester 11 should be less active than I, 
but not completely mactive m large doses 

The suggestion that esterification of adrenalme occurs only if the amine is 
mgested has not been supported by the expenmentsof Bacq, Lecomte and Fischer 
(93) In the unne of chloralosed dogs given intrav^enous mjections of large 
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amounts of adrenaline, these mvestigators found an mactive substance which 
gave the physiological actions of adrenalme after acid hydrolysis, it was pre- 
sumably the same sulfuric ester as that reported by Richter The percentage 
recovered m 8 hours was about 5% The only objection remaming is that the 
quantity mjected (5 to 10 mg) was unphysiological With the available 
physiological and biochemical technics, it would appear possible to make con- 
clusive observations with smaller amounts of adrenahne 

Holtz ei al (94), m confirmation of earlier observations, found a pressor sub- 
stance “urosympathm” in the unne of normal man, subjected to acid hydrolysis, 
a closer analysis showed that this urosjunpathm is a mixture of adrenahne and 
its two postulated precursors arterenol and oxytjTamine The daily excretion, 
as tested on the cat’s blood pressure, was equivalent to 0 1-0 15 mg of adrenalme 
or 2-3 mg of oxytyramme The excretion of urosympathm is mcreased by 
muscular work and m some cases of artenal hypertension (see also ref 2) 
Although Holtz et al do not mention the fact, their urosympathm is probably 
m the urme as an inactive sulfoconjugate Richter (80) and those who have 
confirmed his views m men and animals, did not find a sulfoconjugate of a 
sympathomimetic amine in normal urme, but the small amount normally present 
may have escaped their attention 

Torda (95) attempted to explam the actions of cocaine, ergotaimne and yohim- 
bme by their effect tn tnlro on a very u eak preparation of liver sulfo-esterase, for 
many reasons, Bemherm (1) is correct m his statement that these expenments 
are of little value, although cocame increases slightly the excretion of free phenol 
m the cat after phenol injection (96) 

Expenments of Bacq (97) have shown that many phenols sensitize markedly 
to adrenaline and to S 3 mipathetic stimulation This sensitization, quite different 
from that foUowmg cocame mjection, had been related to the well-known 
antioxidant power of these unstable phenols (catechol, hydroquinone, pyrogallol) 
and it had been considered as an argument m favor of the oxidation (through 
adrenochrome) of adrenalme tn mvo Richter (80) suggests that these phenols 
compete ivith adrenalme for the inactivating system and act to augment and 
prolong the effects of adrenalme bj*^ mhibitmg its sulfoconjugation, he draws an 
analogy between the inhibition of cholinesterase by esenne and the inhibition of 
“sulfosynthase” by phenols There is the following objection to Richter’s 
mterpretation resorcinol, which is sulfoconjugated as readilv as catechol or 
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Garton and Williams (201) failed to confirm Deichmann’s observations, m 
rabbits gn en 200 to 250 mg /kg of d-adrenalme orally, they found insignificant 
amounts of sulfoconjugate m the urine, whereas 21% was excreted as a glu 
curonide in 24 hours 'The question whether Z-adrenalme also forms a glu 
curonide has yet to be investigated because f-adrenahne suppresses glucuronic 
acid conjugation m liver slices (202) 

The great objection to all these experiments is that vei^' large, unphysiological 
amounts of sympathomimetic compounds are needed One cannot extrapolate 
from these results what happens to a few micrograms of adrenaline m the arterial 
blood A further objection to Richter’s nork is that the adrenaline was taken 
orally and consequently only a very small fraction reached the heart and the 
general circulation 

.Although the ability of the liver and mtestme to detoxify adrenaline is 
definitely established, it is beyond question (in contrast to, common behef) that 
the hver is not the mam site of detoxification of adrenalme circulatmg m physio 
logical concentrations The ex-penments of Bacq (72) show that, if one uses 
very small amounts (2 to 5 /xg), the cat’s hmd limb can mrctivate as 'much 
adrenaline a.s the liver (see also ref 5) 

The enzymatic system called sulfosynthase which catalyzes the estenfication 
of phenolic substances seems to be localized m the liver and m the intestinal 
mucosa (89, 90, 104), although it has been reported that eviscerated animals still 
conjugate phenols (91) It has already been mentioned that evisceration does 
not increase or prolong the action of adrenahne injected in physiological amounts, 
thus it seems that the action of this hver sulfosynthase is not a predominant 
factor m the physiological inactivation of adrenalme 

Bemheim (1) points out that Richter’s observations leave certain important 
facts unexplained “Esterification does not require oxygen, yet perfused hver 
does not mactivate adrenalme unless oxygen is present and the same is true of 
isolated hver shoes ’’ It appears, however, that the conjugation requires the 
energy produced by reactions coupled with oxygen consumption (87) The 
adrenalme ester recovered from the human unne is pharmacologically mactive 
m small doses (86) , from what u e know of the relation between chemical structure 
and physiological activity m the senes of sympathomimetic amines, “ it is 
also not entirely clear why esterification of one hydroxyl group should make 
adrenahne pharmacologically inactive, even though the sulfate ester of tvramme 
has been reported to be mactive m the rabbit’’ (92) 

Tnmethoxyphenylethylamme (mescaline) at a dose of 10 mg /kg is not 
syrapathomimetically mactive (74), the monosulfunc ester of adrenahne still 
possesses a phenolic hydroxyl which is known to increase (markedly, if m the 
meia position) the action of aromatic amines 

Of the two possible isomers of Richter’s ester, ester II should be less active than I, 
but not completely mactive m large doses 

Tlie suggestion that estenfication of adrenaline occurs only if the amine is 
mgested has not been supported by the expenmentsof Bacq, Lecomte and Fischer 
(93) In the unne of chloralosed dogs given intravenous injections of large 
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amounts of adrenaline, these mvestigators found an inactive substance which 
gave the physiological actions of adrenalme after acid h 3 'drolysis, it was pre- 
sumably the same sulfunc ester as that reported by Richter The percentage 
recovered m 8 hours was about 5% The only objection remaming is that the 
quantity mjected (5 to 10 mg) was unphysiological With the available 
physiological and biochemical technics, it would appear possible to make con- 
clusive observations with smaller amounts of adrenabne 

Holtz el (d (94), in confirmation of earher observations, found a pressor sub- 
stance “urosympathm” m the urme of normal man, subjected to acid hydrolysis, 
a closer analysis showed that this urosympathm is a mixture of adrenalme and 
its two postulated precursors arterenol and ox 3 dyTamine The daily excretion, 
as tested on the cat’s blood pressure, was equivalent to 0 1-0 15 mg of adrenalme 
or 2-3 mg of oxytyramme The excretion of urosympathm is mcreased by 
muscular work and m some cases of arterial hypertension (see also ref 2) 
Although Holtz et al do not mention the fact, their urosympathm is probablj’’ 
m the urme as an mactive sulfoconjugate Richter (80) and those who ha\e 
confirmed his views m men and animals, did not find a sulfoconjugate of a 
sympathomimetic amine m normal unne, but the small amoimt normally present 
may have escaped their attention 

Torda (95) attempted to explam the actions of cocame, ergotamme and yohim- 
bme by their effect in vitro on a very neak preparation of liver sulfo-esterase, for 
many reasons, Bemheim (1) is correct m his statement that these expenments 
are of little value, although cocame mcreases shghtly the excretion of free phenol 
m the cat after phenol mjection (96) 

Experiments of Bacq (97) have shown that many phenols sensitize markedly 
to adrenaline and to sympathetic stimulation This sensitization, quite different 
from that followmg cocame mjection, had been related to the well-known 
antioxidant power of these unstable phenols (catechol, hydroqumone, pyrogallol) 
and it had been considered as an argument m favor of the oxidation (through 
adrenochrome) of adrenalme in mvo Richter (80) suggests that these phenols 
compete with adrenalme for the mactivatmg system and act to augment and 
prolong the effects of adrenaline bj’’ inhibitmg its sulfoconjugation, he draws an 
analogy" between the mhibition of cholmesterase by esenne and the inhibition of 
"sulfosynthase” by phenols There is the followung objection to Richter’s 
mterpretation resorcinol, which is sulfoconjugated as readily as catechol or 
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pyrogallol but which is not an antioxidant because it os stable, does not sensitize 
to adrenaline even if injected in an amount three times that of catechol (97) 

Thus substantial amounts of mactive sulfoconjugated catecholamines are 
found m the unne of dog and man after oral ingestion or subcutaneous or intra- 
venous mjections After injection, the amounts recovered are less than after 
mgestion Quantitive data indicate that the sulfoconjugation of the catechol- 
amines is not as complete as that of catechol, and other possible pathways of 
adrenalme mactivation must be sought This conclusion is consistent with the 
fact that adrenahne disappears m tissues which are not known to conjugate 
phenols 

VII Oxidation to Qotnone A Introduction In vitro, aqueous solutions 
of adrenaline are rapidly oxidised by molecular oxygen with the formation of a 
red color This oxidation is accelerated by the presence of traces of copper (Fe, 
Hg and other heavy metals), by an alkahne pH and by hght (ultraviolet rays) 
Many substances inhibit this oxidation, for example, strong reducing agents such 
as glutathione (103), cysteme, ascorbic acid (26, 103) and dimercaptopropanol 
(BAL) (27), ammo acids (98, 99), the so-call^ “antioxygens,” such as phenols 
and th3Toxin (97, 100) The presence of some of these substances m the blood 
and the tissues has undoubtedly a physiological significance In the adrenals of 
mammals and m the parotoid glands of tropical toads where adrenalme is concen- 
trated without any tendency to oxidize, one finds large concentrations of ascorbic 
acid and glutathione 

Tbyroxm is beyond question one of the most important chemical agents which 
normally regulate the sensitivity of the tissues to adrenalme (48, 101, 102, 97) 
Physiologists and pharmacologists are aware of the fact that, when secretion of 
adrenahne is considered, not only is the quantity secreted important but also the 
sensitivity of the effector cells, which may vary considerably (for discussion, see 
ref 97) The so-called "sympathetic hyperexcitation” state of hyperthyroid 
patients is probably a purely peripheral phenomenon It seems probable that 
these vanations m the sensitivity to adrenalme are due to changes m the me- 
tabohsm of the hormone For example, after pyrogallol mjection, the denervated 
nictitating membrane reacts to adrenalme by a long-lastmg contracture similar 
to that obtamed with ephedrme m the normal cat, although adrenahne disappears 
from the blood (49) 

Before discusamg the properties of adrenochrome, three questions should be 
answered 

1) Is the slow oxidation tn vitro (autoxidation) comparable to the oxidation by 
catecholoxidase? The ansiver is presumably yes Oxidation of adrenaline by 
silver oxide gives the same adrenochrome as that by catecholoxidase The 
catal3d;ic action of Cu++ ions is knoivn to be similar to that of the phenolases, the 
active metal of which is copper 

One should not too strongly emphasize the fact that a red solution of autox- 
idized adrenalme cannot be considered as adrenochrome, because adrenochrome 
18 very unstable and is rapidly transformed into many different substances The 
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Mason’s view (114), this senes of reactions is impossible because the veiy un- 
stable leuco derivative easily loses a molecule of water, and one should never 
obtain the quinone adrenochrome 

The possibility of the existence of a semiqumone (type III) has been empha- 
sized only recently (114) 


HO 
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— 0 +NCH, 



3) Does “autoxidation” of adrenahne occur m the body? The answer is that 
this is quite unlikely, as pointed out by Richter (80), because the cells contain 
many substances which stabilize adrenahne 
B Chemical properliea and derivatives of adrenochrome A very important 
contribution by Green and Richter was the isolation and clear identification of 
the qumone resulting from adrenahne oxidation (107) They used a highly 
purified catecholoxidase from mushroom, a concentrated solution (1 X 10~’) of 
adrenalme, a pH of 5 to prevent melamn formation, and bubbhng Oj Adreno- 
chrome IS now prepared more easily by the action of silver oxide on adrenaline in 
methyl alcohol (116, 116) Adrenochrome is very unstable even when crystal- 
lized in the cold, in the dark and in the absence of Oj It turns to a brownish 
black, msoluble pigment which is by definition a melanin Three stable deriva- 
tives of adrenochrome have been isolated the monoxime (107, 115, 116), the 
mono-semicarbazone® (IIG) and the mono-p-nitrophenylhydrazone (115), by 
reacting one of the qumone oxygens with hydroxylamme, semicarbazide or para- 
rutrophenylhydrazme, respectively 
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In the presence of a strong reducing agent (hydrosulfite, ascorbic acid, cysteme, 
Raney’s nickel), the red color of adrenochrome changes to various shades of light 

» Also known in Europe as "Adrenoxyl Labaz ” Soci^W beige de I’Aiote 
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green, presumably the color of the assumed leucoadrenochrome which has not 
been isolated Tliere seems to be a redox equihbnum between the two forms 
(I and TT) 
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Recent im estigations show that the phj'sical and chemical properties of 
adrenochrome are better accoimted for b 3 '’ the structure of a zuittenon, para- 
qumoneimine (III) (114) For example, the facts that only the monoxime and 
the niono-senucarbazone have been prepared and that all attempts to mduce a 
reaction ivith a second molecule of hydroxylamme or semicarbazide have been 
unsuccessful shoM that only one true carbon 3 d group is present m the molecule 
of adrenochrome A careful study of the reduction ivith hydrogen-Pd-charcoal 
shows that absorption of hydrogen ceases when one atom of hydrogen per 
molecule of adrenochrome has been absorbed' and tw o products have been ob- 
tamed, none of them has the supposed structure of leucoadrenochrome (11) 
One of these substances is the 5,6-dihydroxy-N-methyl-indole (TIO which has 
been isolated in colorless needles 
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The other (V) could not be isolated as such because it decomposes on concen- 
tration, but two stable denvatives were obtamed VI after treatment with alkah 
and Vn after acetylation The compound VT is 3 mllow and exhibits a strong 
fluorescence m ultraviolet hght, it is probably responsible for the color appealing 
in the test of Gaddum and Schild (117), the mtensity of which is specific for 
adrenahne m the senes of sympathomimetic ammes, these authors observed a 
marked green fluorescence when adrenalme is oxidized (for example, at an 

• Unpublished observations by Beaudet show that the same absorption of a single H 
atom occurs when adrenochrome is reduced by Ranej 'a mckel 
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Mason’s view (114), this senes of reactions is impossible because the very un- 
stable leuco denvative easily loses a molecule of water, and one should never 
obtain the quinone adrenochrome 

The possibility of the existence of a semiqumone (type III) has been empha- 
sized only recently (114) 
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3) Does "autoxidation” of adrenahne occur m the body? The answer is that 
this IS quite unlikely, as pointed out by Richter (80), because the cells contain 
many substances which stabilize adrenahne 
B Chemical properties and denvaitves of adrenochrome A very important 
contnbution by Green and Richter was the isolation and clear identification of 
the qumone resulting from adrenaline oxidation (107) They used a highly 
purified catecholoxidase from mushroom, a concentrated solution (1 X 10"*) of 
adrenaline, a pH of 5 to prevent melamn formation, and bubbhng Oi Adreno- 
chrome IS now prepared more easily by the action of silver oxide on adrenaline m 
methyl alcohol (115, 116) Adrenochrome is very unstable even when crystal- 
lized in the cold, m the dark and in the absence of 0* It turns to a brownish 
black, msoluble pigment which is by definition a melanin Three stable deriva- 
tives of adrenochrome have been isolated the monoxime (107, 115, 116)i the 
mono-semicarbazone‘ (110) and the mono-p-nitrophenylhydrazone (115), by 
reacting one of the qumone oxygens with hydroxylamme, semicarbazide or para- 
rntrophenylbydrazme, respectively 
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Adrenochrome and its oxime and semicarbazone are excellent hemostatic 
substances as far as capillary hemorrhages are concerned (126, 127, 128, 129), 
the semicarbazone (adrenoxyl) has been widely used with success m Belgium and 
France m human therapeutics The lack of toxicity and the absence of any 
interfering sympathomimetic action are obvious advantages (130) Large 
amounts of the semicarbazone have weak nicotinic actions (131) They mcrease 
capiUaiy resistance (vitamin P action) and this mcrease is parallel to the 
hemostatic action (132, 133), lodo-adrenochrome also mcreases capillary re- 
sistance (134) The action of the many substances possessing vitamm P proper- 
ties has been mterpreted as a sensitization phenomenon related to the adren- 
alme-adrenochrome action (135) 

The hemostatic action of mmute amounts of adrenahne (1 fig in the rabbit) 
has a latent penod of four minutes, is maximal after 7 mmutes and lasts for 
hours, these facts led Roskam and Derouaux to suspect that some oxidized deriva- 
tive might he responsible (126, 136) Adrenochrome is as good a hemostatic as 
adrenahne and its action is maximal three mmutes after mjection (136) Thus 
the hypothesis seems justified that this particular long-lastmg action of adrenalme 
IE due to adrenochrome or the products of adrenochrome metabolism m the body 

Adrenochrome possesses many properties of the other quinones It oxidizes 
reversibly the — SH groups of glutathione, protems and enzymes, and by this 
mechanism inhibits many enzymes of the glycolytic cycle hexokinase, phospho- 
hexokmase, etc (137,138) The physiological expression of this inhibition is the 
Lundsgaard contracture (contracture and mexcitability after work) observed in 
amphibian (139) and mammalian (140) muscles Like many qumones, adreno- 
chrome inhibits mitosis (141, 142), and the literature shows an increasmg tend- 
ency to link anti-mitotic action with inhibition of carbohydrate metabolism (175) 

Thus adrenochrome, by virtue of its qumone function or functions, joins the 
vast group of “thiolopnve” substances, a term created by Bacq (143) m order 
to designate toxic substances of wudely different chemical structure which depnve 
the tissues of their thiol groups, inhibit the same enzymatic systems and possess 
common pharmacological properties An important question is whether adreno- 
chrome is one of the chemical factors which control the nntotic activity of cells 
tn sUu 


The semicarbazone, which is not in itself a thiolopnve substance, seems to be 
hydrolyzed by the tissues and to liberate adrenochrome (139) Adrenoxyl has 
the unexplained ability to mcrease, sometimes markedly, the response of the 
isolated rat’s diaphragm to maximal phremc nerve stimulation (140), this 
potentiation is not exhibited by adrenochrome and is quite different from the 
Orbeli effect of adrenaline (140) 

Adrenochrome like other qumones catalyzes the inactivation of catecholamines 
and may play a role in chronic hypertension (144, 145), this last obsenmtion has 
not been confirmed There is a controversy concemmg the action of adreno- 
chrome, its derivatives or umdentified oxidation products of adrenaline on blood 
sugar, some investigators obtained hj’pergl 3 'cemia, many obsen ed hj-poglycemia 
and an increased effect of insuhn (146, 147) and others uere unable to find any 
change (148, 149) Adrenochrome mcreases glj cogen formation (150, 1471 and 
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alkabne pH) According to Utevsky (112), the fluorescence of oxidized adren- 
aline IS due to the supposed leucoadrenochrome (II), this contention seems to be 
untenable in view of the obsen-ations of Harley-Mason (114) Substance IV 
results from the immediate, irreversible dehydration of the so-called leuco- 
adrenochrome (II) and the redox equilibrium postulated should be impossible 
Substance V is isomeric with adrenochrome The existence of a common inter- 
mediate for substances W and V is postulated , it should be the scmiqumone ^flll 



If one accepts these views, how is it possible to explam the action of adreno- 
chrome as a hydrogen earner m the aerobic, malic and lactic dehydrogenase 
systems (107)? The opmion of Harley-Mason is that, smee compounds IV and 
V cannot be reconverted to adrenochrome, “the redox system involves one 
electron transfer between adrenochrome and the semiqumone C'^IH) ” The 
short note of Harley-Mason does not answer several questions,’ one must wait 
for the complete report 

Adrenochrome and its denvatives are certainly the most interestmg oxidized 
denvatives of adrenalme It is a great error to consider adrenochrome as an 
inactive substance because it has lost all its classical sympathomimetic actions 
(107, 77, 119) Beyer (2) discusses at length the mactivation of sym- 
pathomimetic ammes m his 1946 review but simply ignores adrenochrome 

C Physiological properties of adrenochrome and its stable derivatives Adreno- 
chrome was isolated by Green and Richter, it vas found to play the role of an 
efficient hj'drogen earner, a property common to many qumoid substances (122, 
123) If adrenahne is added to a lactic acid or malic acid dehydrogenase S 3 "stem, 
there is a latent penod for its oxidation to adrenochrome A measurable effect 
is obtained even mth concentrations as low as 6 X 10“’ “The general expen- 
ence wnth oxygen earners such as cytochrome and lactoflavme is that far higher 
concentrations are required to obtam an ox'ygcn uptake measurable in vitro 
than are necessary m the hvmg cell It can therefore be concluded that the 
earner action of adrenochrome may come mthm the range of physiological con- 
centrations” (Green and Richter, 107, p 615) Recent work indicates that the 
adrenalme-adrenochrome system is present in mammalian skeletal muscle at a 
concentration of approximately 1 X 10~’ (125) Older observations by lOsch 
and collaborators (120) had shown that oxidized adrenaline (the so-called “omega 
substance” which is probably adrenochrome and xanous imidentified substances 
beyond adrenochrome) catalyzes the oxidation of certain ammo-acids and m- 
creases oxygen consumption of isolated tissues BIix (124) has also found an 
action of oxidized adrenaline on ammo-acids 

I For example, it is difficult to understand hovk aubstance VI is colored w hen IV is color 
less 
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the amount recovered does not exceed 25% (158) The fate of adrenochrome in 
the body needs further mvestigation 

l^Tien adrenoxyl (semicarbazone of adrenochrome) is orally administered to 
fasting persons, a large part (20 to 25%) is excreted unchanged by the ludneys, 
there is an mcreased excretion of mdolic substances, but this seems to be due to 
the activity of mtestmal bactena because it does not occur if a sulfonamide has 
heen ingested m adequate amounts (158) 1\Tien mjected m dogs and rabbits, 
adrenoxjd is rapidly excreted unchanged in the unne, but there is also an m- 
creased excretion of other mdohc substances (158) When dl-adrenahne is 
mjected m large, anesthetized dogs (subsequent to the mjection of an adrenolytic 
substance such as 933F or yohimbine), there is an mcreased excretion of mdohc 
substances equivalent to 10-20% of the adrenahne mjected This increased 
excretion of mdohc substances roughly parallels the excretion of the adrenahne 
Bulfoconjugate One may argue that the large amounts of adrenahne mjected 
are unphysiological (0 5 to 20 mg ), and that an mcreased protein catabohsm 
may result m the excretion of larger amounts of mdohc substances from trypto- 
phane or tyrosme However, simultaneous determmations of urmary urea show 
that this second objection is not valid (23) 

In vitro, the oxidation of adrenahne to adrenochrome is catalyzed not onl}’- by 
catecholoxydase, the existence of which is questionable m mammalian tissues,® 
but also by the cytochrome-mdophenol-oxidase system ■present in all tissues (107, 
162, 164) and by a cyanide-msensitive enzymatic system present m the heart and 
skeletal muscles (107) Green and Richter (107) have probably been deahng 
with the same powerful enzymatic system descnbed by Schutz m hver extracts 
(165) There is no reason to suppose that these enzymes are not active in vivo, 
and the mcreased excretion of mdohc substances after adrenahne mjection may 
be considered as the result of their activity The combination of the rapid dis- 
appearance of small amounts of adrenahne in all tissues and of their long-lastmg 
hemostatic action is thus satisfactonly explained Clark and Raventos (167) 
observed a prolonged action of adrenaline on the frog’s auncle after the admmis- 
tration of ascorbic acid The heart muscle contams a high concentration of the 
cytochrome system which is inhibited by ascorbic acid (164) • 

Rennet and Hausberger (166) have elegantly demonstrated that adrenaline is 

•The literature on this point is confusing, many authors claim that there is no cate- 
choloxj dase m mammalian tissues (160, 161), but some believe the contrary (162) The 
experiments showing that tissue extracts or slices oxidize adrenaline with production 
of a black pigment do not prove the presence of a catecholoxj dase because 1) adrenochrome 
may giie melamn without the aid of an eurjunatic S 3 ^tem and 2) there are other enzymes 
whieh oxidize adrenahne to adrenochrome (163, 107) 

’ Bejer and Shapiro (87) do not believe that the cj'tochrome sj'stem oxidizes adrenaline 
tn VIVO, although the fact is demonstrated in vitro Their main argument is that "hjdro- 
qmnone, catechol and homogentisic acid, which are also oxidized readilj bj cytochrome 
in vitro, escape this oxidation in vivo and appear in the unne as such or in conjugated forms ” 
But this fact does not exclude the possibility that a certain fraction of catechol is oxidized 
to quinone, catechol and other phenols have the same antimitotic action as the quinones 
and It IS difhcult to give an interpretation of this fact without assuming the formation of a 
certain amount of quinone in the bodj from these phenols (204) The possibilitj of several 
BimuUaneous mctahoUc pathways of the phenxlamines must not be overlooked 
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induces the formation of verdohaemochroraogen from haemochromogen (]15) 
Oxidized adrenaline also catalyzes the oxidation of glyceraldehjde (200) The 
action of adrenoclirome on the circulation is discussed by Marquardt and Oettel 
(203) 

D Adrenochrome as molher-siibsiance of sympathin The theory of chemical 
transmitters postulates the existence, at the endmgs of adrenergic nerves, of pre- 
formed sympathin easily liberated by the nerve impulse It cannot be ques- 
tioned that this store exists, but the problem arises whether adrenochrome can 
be resynthetized to the active amine, m other words, is adrenochrome the 
“mother-substance” of sympathin? 

The perfusion with sahne solution of the isolated amphibian heart (33, 151) or 
the rabbit’s ear (136), combmed with frequent stimulation of the corresponding 
adrenergic nerves, results in the progressive disappearance of the cardioac- 
celerator and vasoconstrictoi effects This is interpreted as bemg due to the loss 
of the peripheral store of sympathm or of its precursor If small amounts of 
adrenochrome or oxidized “inactive” adrenaline are added to the perfusion fluid, 
the normal effects of nerve stimulation are re-established Does this mean that 
adrenochrome is the precursor of adrenalme? In mtro as well as in vivo, not a 
smgle observation exists showing that indole or a molecule with an indole 
nucleus breaks between the nitrogen and the nucleus, as shown by arrow 1 , when 
it does break, it is at the position shown by arrow 2 (152) Thus, chemically 
speakmg, the oxidation of adrenaline to adrenochrome is irreversible (see also 
ref 114) 
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The synthesis of adrenalme proceeds from phenylalanine to dioxyphenvlalonine, 
then to oxytyramme by decarboxylation, arterenol (noradrenalme) probably 
bemg the immediate precursor of adrenahne (153-157, 10) 

E Occurrence and metabolism of adrenochrome in the body The presence of 
adrenochrome m mammalian tissues or blood has never been unequivocally 
established The observations of Green and Richter and of Roskam and 
Derouaux already referred to provide only mdirect evidence One may hope 
that, as a result of Harley-Mason’s recent contnbution, specific and accurate 
methods w ill be developed for the quantitative detection of adrenochrome and its 
denvatives m tissue extracts 

The argument of Richter (80) that after adrenaline is ingested the urine nev'er 
gives the reactions of adrenochrome has little weight When large doses of 
adrenochrome (up to 18 mg /kg) are injected subcutaneously into labbits, 
adrenochrome is not excreted m the urme and there is no increase in the excretion 
of indolic substances titratable with the nmhydnn reaction "l^Tien mjected 
intravenously m dogs, adrenochrome (50 to 100 ing of pure crystallized sub- 
stance) is excreted m the urme, this excretion ends after about 45 minutes and 
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amme, for example) abolish the inhibitory effects of adrenaline, but do not 
inhibit the excitatory actions (58, 176) 

2) In the senes of the catechol derivatives, there is a subtle correlation between 
chemical structure and intensity of inhibitory action Barger and Dale (183) 
had demonstrated that the presence of a smgle methyl group on the nitrogen is a 

OH 



determinant factor for true mhibitoiy actmty (for axample, on the non-pregnant 
cat’s uterus, the pure test for inhibition”), noradrenahne (without a methjd 
group) and methednne (with two — CHj radicals) have httle inhibitory power 
Recent mvestigations have confirmed this law, but the importance of hydroxyl 
group on the ^-carbon of the side-chain has also been stressed (185, 186) The 
best demonstration is the follownng N-ethyloxytyramme (I) is about twenty 
times less active than adrenaline on the basis of tests for excitation (nictitatmg 
membrane, blood pressure) and has almost no inhibitory actions (non-pregnant 
cat’s uterus, blood pressure after 933 F), on the contrary, N-ethylarterenol (II), 
which also is much less active than adrenalme in the test for axcitation, has 
qualilalively and quantitaiively the same powerful inhibitory effects as adrenalme 
(186) 



This must be correlated with differences in their chemical behavior arterenol 
(very weak inhibitor) does not oxidize to an “arterenolochrome” correspondmg 


” It might be useful to call attention to the fact that the isolated mammalian or birds’ 
intestine is not a pure test for inhibition because adrenaline acts on the neurones w hich reg- 
ulate the automatism of this smooth muscle (1S4) A great deal of the discrepancies found 
in the literature as regards the inhibitor} action of siunpathomimetic amines is due to the 
use of the intestine as the test for inhibition Cushn} , Dale and Cannon ha\e always 
chosen for this purpose the faithful uterus of the non-pregnant cat 
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the substrate for melanin formation in the ins In the young rabbit, sympathetic 
denervation of the eye results m the lack of pigmentation, thus, one can reproduce 
expenraentally the heterochromia known in human patients to be associated 
With congenital absence of 63 Tnpathetic mnervation If adrenalme solutions are 
instilled in the conjunctival sac, one succeeds not only m producing normal 
pigmentation but sometimes hyperpigmentation Thus it is the adrenahne (or 
adrenahne-hke substance) constantly liberated m the ins by the adrenergic 
nerves which is the substrate for the phenolase of that organ To be sure, only a 
negligible fraction of adrenahne is metabolized to melanm, albino rabbits exhibit 
the same response and sensitivity to adrenalme as do black rabbits (168) 

F Oxidized denvatives, beyond adrenochrome, obtained in mtro With biological 
tests, one can obtain the most contradictory results, because solutions of more or 
less “oxidized adrenaline” are mixtures of many substances m vanable propor- 
tions The best demonstration of this basic fact is the followmg If one 
oxidizes a 1 X 10~* solution of adrenahne at room temperature and neutral pH 
ivith a catecholoxydase, one obtains precipitate of melanm at a time when the 
red, clear solution stdl gives the physiological effects of adrenalme Thus, in 
this solution all the intermediates are present together, with some of the un- 
altered substrate and the end-product Under well-defined conditions, weaker 
solutions oxidize more uniformly 

Some authors obtamed acetylchohne-like effects*® with oxidized denvatives of 
adrenochrome (170, 171), but if one adds cysteme these effects are inhibited 
Fresh solutions of adrenochrome and C 3 ^teme should have an adrenalme-like 
action Gijon (172) states that adrenaline solutions which are autoxidizmg tn 
vitro have a poi\ erful contractmg effect on isolated uten, and that this effect is 
inhibited by adrenalme 

The pertinent literature is very confusing and it may be hoped that Harley’s 
recent contnbution inll clarify the subject Chemically speaking, it is possible 
that the secondary alcohol group is oxidized to an “oxoadrenochrome” which has 
not been isolated (173), it has been knoivn for a long time that /-adrenaline 
oxidizmg at an alkaline pH loses its optical activity (165) which adrenochrome 
still keeps (107) Melanm should be a polymer of this oxoadrenochrome (174) 

A senes of investigations by Bacq and Heirman has linked the inhibitory action 
of adrenalme with the production of a powerful mhibitory substance beyond 
adrenochrome (58, 177, 178, 179, 180, 181, 182) 

This concept is based on the followmg facts 1) There are special pharma- 
cological features of the inhibitory effects of adrenalme and allied substances 
For example, denervation and cocame increase only slightly the inhibitory actions 
of adrenalme, but potentiate markedly the excitatory actions Ergot alkaloids, 
yohimbme and many synthetic adrenol 3 d;ic substances inhibit specifically the 
excitatory actions of adrenalme, m the same senes of ammomethylbenzodioxane 
denvatives, some compounds (1081 P or methoxy-2-iodo-S-phenoxyethyldiethyl- 

A regrettable confusion of terms casts in the literature, one finds "oholmorgic’’ or 
“adrenergic” instead of choline-hko or ndrenaline-hke According to Dale (169), •who 
coined these words, only a nerve can be cholinergic or adrenergic 
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amine, for example) abolish the mhibitoiy effects of adrenahce, but do not 
inhibit the excitatory actions (oS, 176) 

2) In the senes of the catechol denvatives, there is a subtle correlation between 
chemical structure and intensity of inhibitory action Barger and Dale (183) 
had demonstrated that the presence of a single methyl group on the nitrogen is a 
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determinant factor for true mhibitoiy actmty (for example, on the non-pregnant 
cat's uterus, the pure test for inhibition'*), noradrenalme (without a methyl 
group) and methednne (with two — CHi radicals) have little inhibitory pow'er 
Recent mvestigations have confirmed this law, but the importance of hydroxyl 
group on the /3-carbon of the side-chain has also been stressed (185, 186) The 
best demonstration is the following N-ethylo\ytyramine (I) is about twenty 
tunes less active than adrenaline on the basis of tests for excitation (nictitatmg 
membrane, blood pressure) and has almost no mhibitoiy actions (non-pregnant 
cat’s uterus, blood pressure after 933 F), on the contrary, N-ethylarterenol (II), 
which also is much less active than adrenalme in the test for excitation, has 
qualilalively and quaniiiaiively the same powerful inhibitory effects as adrenaline 
(186). 
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This must be correlated with differences m their chemical behavior arterenol 
(very weak inhibitor) does not oxidize to an “arterenolochrome” corresponding 


“ It raight be useful to call attention to the fact that the isolated mammalian or birds’ 
intestine IS not a pure test for inhibition because adrenaline acts on the neurones which reg- 
ulate the automatism of this smooth muscle (184) A great deal of the discrepancies found 
In the literature as regards the inhibitory action of sympathomimetic amines is due to the 
use of the intestine as the test for inhibition Cushny, Dale and Cannon have always 
chosen for this purpose the faithful uterus of the non-pregnant cat 
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the substrate for melanui formation in the ins In the young rabbit, s 3 Tnpathetic 
denervation of the eye results m the lack of pigmentation , thus, one can reproduce 
expenmentally the heterochromia known in human patients to be associated 
with congenital absence of sympathetic mnervation If adrenahne solutions are 
mstilled in the conjunctival sac, one succeeds not only m producmg normal 
pigmentation but sometimes hyperpigmentation Thus it is the adrenaline (or 
ad'-enahne-hke substance) constantly liberated m the ins by the adrenergc 
nerves which is the substrate for the phenolase of that organ To be sure, only a 
negligible fraction of adrenaline is metabolized to melanin, albino rabbits evhibit 
the same response and sensitivity to adrenaline as do black rabbits (168) 

F Oxidized denvativea, beyond adrenochrome, obtained in vitro With biological 
tests, one can obtain the most contradictory results, because solutions of more or 
less “oxidized adrenalme” are mixtures of many substances m variable propor- 
tions The best demonstration of this basic fact is the followmg If one 
oxidizes a 1 X 10~^ solution of adrenahne at room temperature and neutral pH 
with a catecholoxydase, one obtams precipitate of melanin at a tune when the 
red, clear solution still gives the physiological effects of adrenalme Thus, in 
this solution all the intermediates are present together, with some of the un- 
altered substrate and the end-product Under well-defined conditions, weaker 
solutions oxidize more uniformly 

Some authors obtamed acetylchohne-like effects'" with oxidized denvatives of 
adrenochrome (170, 171), but if one adds cysteine these effects are inhibited 
Fresh solutions of adrenochrome and cysteine should have an adrenalme-like 
action Gijon (172) states that adrenaline solutions which are autoxidizing tn 
intro have a pow erful contractmg effect on isolated uten, and that this effect is 
inhibited by adrenalme 

The pertinent literature is very confusing and it may be hoped that Harley's 
recent contnbution will clanfy the subject Chemically speaking, it is possible 
that the secondary alcohol group is oxidized to an “oxoadrenochrome” which has 
not been isolated (173), it has been known for a long time that Z-adrenalme 
oxidizmg at an allcahne pH loses its optical activity (165) which adrenochrome 
still keeps (107) Melanm should be a polymer of this oxoadrenochrome (174) 

A senes of investigations by Bacq and Heirman has linked the inhibitory action 
of adrenalme with the production of a powerful inhibitory substance beyond 
adrenochrome (58, 177, 178, 179, 180, 181, 182) 

This concept is based on the following facts 1) There are special pharma- 
cological features of the mhibitory effects of adrenahne and allied substances 
For example, denervation and cocaine mcrease only slightly the mhibitoiy actions 
of adrenalme, but potentiate markedly the excitatory actions Ergot alkaloids, 
yobimbme and many synthetic adrenoljdic substances inhibit specifically the 
excitatory actions of adrenalme, in the same senes of ammomethylbenzodioxane 
denvatives, some compounds (1081 F or metho\'y-2-iodo-5-phenoxyethyldiethyl- 

10 A regrettable confusion of terms exists in the literature, one finds "oholinergio” or 
•‘adrenergic” instead of choline-like or adrenaline like According to Dale (169), who 
coined these words, only a nerve can be cholinergic or adrenergic 
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ADDENDUM* 

The presence of arterenol (noradrenaline) m some adrenal extracts (20b, 
208, 209), m adrenal medullary tumors (207) and in the secretion of the adrenals 
stimulated bj" the splanchmcs (206) seems well established The suggestion 
of Bacq and Fischer (10) that the tissues synthesize a mixture m vanable pro- 
portions of adrenahne and noradrenahne is discussed by Goldenberg el al (211) 
U S von Euler and his pupils have actively contmued their v ork on adrenalme 
and noradrenalme m tissue extracts (213 to 217) A method is given for purifica- 
tion and titration of noradrenahne in presence of adrenahne (213), a paper on 
the same subject by Gaddum, Peart and Vogt is in press m the Joum Physiol 
Further data have been published on adrenochrome, its denvatives and adren- 
alme ascorbate (212) B Kisch has summanzed the pre-n ar work on the cata- 
lytic effects of oxidized adrenaline (205) Herve and Lecomte have shown that 
the semicarbazone of adrenochrome (adrenoxyl I^baz) inhibits m the mouse 
the cutaneous purpura which follows a heaxy dose of X-ray (218) 

Fischer (219) has isolated, in confirmation of Harley-Mason’s statement, a 
ciystaUme, yellow, highly fluorescent substance (M P 235° C ) from adreno- 
chrome m alkaline medium This substance (formula VI, p 15) seems to be 
responsible for the fluorescence of adrenahne m alkaline solution Many ex- 
periments of Utevskj' have been confirmed The relation between fluorescence 
and inhibitory action of catecholamines has been strengthened (220, 221) 

EEFERENCmS 

1 Bckstbeiu, F The interaction of dni£s and cell catalyeta, Burgess Publishing Co , Minneapolis (1D12) 

2. Bai'ia,K.H Sympathomiroetfoamlnes tberelsttonofstructuretothelrBCtJon and insctivstion Physinl Per 
26 169 19H 

3 Bacq,Z M M^tabolismeetaynth^sedePadrlnaline, Bull Acad M6d.6m3se,4 127,1916. 

4) MmsTATs Baitxsta, a InactIvacSo da adienslins no orgSLnJsmo Thesis, Lisbon, 1036 
16 HAimmo W H. Annnsl renew of Biochemist ry IS 593,1016 

5 Eujott T R. Joum Physiol 32 101. 1905 

6 EtiLta,U S,TON Jonm PhyskrL 185 38, 1916 

7 EtmrB.O S,vox ActsPhysiol Soind.ll 16S,lM6andU 73 1916 

8 ScmtiTtaiOw, C G Acta Phjsicd Scand., IS 47, 1918 

9 EtrL«ui,U S.vcrj Eoence.IO? 122,1916 

10 BAomZ JI,A.-«iFi8cara,P„Arch.Intemit Physiol 55 73, 1917 
n Baco, Z JI Scienee, 103 135, 1915 

12 OADDDir, J H., AND GooDwix, L G Joum. PhysioL, 105 357, 1917 

13 Taintcii,M L,ToLi,Am,B F , and Ludckxa, F P Sdcnce, 107i39, 1918 
I1 .Veiu,t,W Arch Intemat. Physiol , 55 409 1948 

13 Caknos, IV B , AND RoscxfioncTH A< Amer Joum Physiol 104 557 1933 

16 Ca.v>on,W B„akdBacci,Z U Amer Joum. PhysioL, 96 392, 1931 

17 Bacij, Z JI Biol Rev 22 73 IWT 

18 Bates G , and Wense, Tb Arch eiper Path Phann., 153 114 1937 

19 Toscaxo.RtvoJ AKnMAi.ArATA, B astibtaA Compt rend Soc Biol ,120*513, 1935. 

20 We-xse, Th Arch eiper Path. PhsrmsLol , 191 358, 1939 

21 Bacq, Z U Arch Intemat Physiol , 46 125 1836 

22 Bacq, Z JI et PnEOEsicQ H 6rch Intemst Physiol , 40 454, 1935 

53 Bacq Z JI LECoirrE,J AXDrjscHEH P Arch Intemat Physio! 1919 in pises 
21 Bacq, Z JI Xrch Internal Physiol .41 15 1935 

25 Baw, T V.. r Aovt W E , A.ND StJiTcruc, S F Joum PhysioL, 91 233, 1937 

26 \ EntT W Arch Intemat. Physiol 56i 1 1918 

27 Bacq Z M Fi'cara.P ,a.vo Lecomte. J Arch Internal. Physiol ,56 25,1918 
Lorwj O PflQccr'i Arcfe , 237 ((>4 1535. 

* Added tn galley 



22 


Z M B\C(J 


to adrenochroine (187) and does not give the marked fluorescence of adrenaline 
aftei addition of NaOH (117) The same phenomenon occurs with the N-ethyl 
derivatives substance II gives the Gaddum and Schild fluorescence test, like 
adrenalme , substance I behaves like arterenol It is clear from the mvestigations 
of Cohen (173, 174) and Harley-Mason (114) that the secondary alcohol group 
does play an important r61e m the oxidation and reduction of adrenochrome 

3) When an isolated amphibian heart is impregnated with a phenolase prepa- 
ration, the excitatory reaction to adrenahue is changed to inhibition (177) and 
sympathetic nerve excitation decreases the rate and weakens the strength of the 
heart beat (188, 189) , these reversed effects are progressive] 3 '’ changed to normal 
when the phenolase is washed out 

4) Dilute solutions of adrenahne at neutral pH when oxidized in vitro by a 
phenolase, irregularly exhibit, after an mitial phase of complete mactivation, a 
very powerful mhibitor 3 ’- action on the heart, blood vessels (179) and vanous 
smooth muscles (182, 190, 191) This mhibitoiy substance, called “adrenoxine”, 
could not be isolated because it decomposes on concentration and is not produced 
from strong solutions of adrenahne Many phj^iologists failed to reproduce 
Bacq and Heirman’s experiments (172, 192, 164), but some have confirmed them 
at least partially (192, 193, 194, 195, 196) Older observations of Schweitzer, 
with the omega substance (198), are quite consistent ivith the results of Heirman 
Marquardt (197) quite frequently observed the depressor action of oxidized 
adrenahne and believes that it is a general property of phenols and mdole 
Starkenstem (199) has descnbed a curious “Sauerstoffphanomen", the inhibitory 
action of adrenahne on isolated mtestme is abohshed by lack of oxygen 

In 1940, Bacq and Heirman (58) summanzed the facts m favor of and the 
objections to the adrenoxme theory 

VIII Otheb Possible Mechanisms of Inactivatton Aldehydes (form- 
aldehyde, acetaldehyde or methylglyoxal) which mactivate adrenalme in vtiro 
(18, 19, 20) do not seem, for many reasons, to take part m its mactivation tn 
mvo (21), but this opmion has been contested (4) Nothmg mdicates that the 
rmg of adrenahne cannot be broken just as that of tyramme seems to be broken 
by heart and skeletal muscle tissue (104) 

SUMMART 

The statement formulated m 1905 by Elhott (5) that “adrenahn disappears in 
the tissues which it excites” is unquestionable Review of the hterature shows 1 ) 
that adrenahne may be excreted imchanged m small amounts by the kidneys and 
stored m the tissues and red blood cells, 2) that its deammation by amme- 
oxidase m the body is unlikely, 3) that an important fraction is sulfoconjugated, 

4) that another important fraction is simultaneous!}" oxidized to mdole substance, 

5) that adrenochrome and its denvatives have important biochemical and physi- 
ological properties, entuely different from those of adrenalme, and deserve 
further study 



THt NtErrABOLISM OF ADREXALINT; 


23 


ADDENDUM* 

The presence of arterenol (noradrenaline) m some adrenal extracts (20fa, 
208, 209), m adrenal medullary tumors (207) and in the secretion of the adrenals 
stimulated by the splanchmcs (206) seems well established The suggestion 
of Bacq and Tischer (10) that the tissues synthesize a mixture in vanable pro- 
portions of adrenahne and noradrenaline is discussed by Goldenberg ef al (211). 
U S von Euler and his pupils have actively contmued their work on adrenalme 
and noradrenalme in tissue extracts (213 to 217) A method is gi\ en for punfica- 
tion and titration of noradrenalme m presence of adrenahne (213) , a paper on 
the same subject by Gaddum, Peart and Vogt is m press m the Joum Phjsiol 
Further data have been published on adrenochrome, its denvatives and adren- 
ahne ascorbate (212) B Kisch has summarized the pre-war work on the cata- 
lytic effects of oxidized adrenalme (205) Herve and Lecomte have shown that 
the semiuirbazone of adrenochrome {adrenoxyl I-.abaz) mhibits m the mouse 
the cutaneous purpura which follow s a heai'y dose of X-ray (218) 

Fischer (219) has isolated, in confirmation of Harley-Mason's statement, a 
crystalline, yellow, highly fluorescent substance (M P 235“ C ) from adreno- 
chrome m alkalme medium This substance (formula VI, p 15) seems to be 
responsible for the fluorescence of adrenahne m alkalme solution Many ex- 
periments of Utevsky have been confirmed The relation between fluorescence 
and inhibitorj' action of catecholamines has been strengthened (220, 221) 
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THE PHARMACOLOGY OF ADRENERGIC BLOCKADE 
MARK NICKERSON 
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Among agents selectively bloclung the effects of vanoxis portions of the nerv- 
ous system, drugs inhibitmg responses to the sympatho-adrenal division have 
always been the least satisfactory Over forty years ago, Dale (86) clearly 
defined the action of ergot m blocking and “reversmg” many responses to circu- 
lating epmephrme and sympathetic nerve stimulation, but subsequent progress 
m the field has been slow The use of adrenergic blockmg agents m research 
and therapy has been seriously handicapped by the lack of specificity, the in- 
completeness of action and the high toxicity of available agents 

Agents which mduce or block responses of sympathetically innervated effector 
cells may be conveniently grouped imder the term “adrenergic” proposed by 
Dale (88) The term “adrenergic blocking agent” is employed in this review 
to designate compounds which specifically inhibit certam responses of effector 
cells to epmephrme, related ammes and S 3 nnpathetic nerve impulses The ac- 
tion of adrenergic blockmg agents is quite distmct from the action of substances 
which can prevent a sympatho-adrenal discharge by blockmg nervous impulses 
at gangha (tetraethylammonium ions), along penpheral neurons (local anes- 
thetics) or withm the central nervous system (barbiturates and other central 
nervous system depressants) The absurdity and compbcation involved m re- 
femng to barbiturates as adrenergic blockmg agents or “sympatholytics” are 
obvious It IS equally confusmg to refer, as some authors do, to the central 
nervous s)rstem effects of the ergot alkaloids as “sympatholytic ” 

The term “adrenergic blockmg agent” is preferred to “sympatholytic” and 
“adrenolytic ” Neither nerve endmg, nor mediator nor effector cell is “lysed” 
by these agents (see also 90) The term “adrenolytic” has been employed more 
correctly by some authors (91) to refer to those factors responsible for the destruc- 
tion or inactivation of epmephnne m tissue In addition, any sharp distinction 
between “adrenolysis” and “sympatholysis” appears to be artificial Although 
certam compounds (e g , 933F) block the effects of circulating epmephnne con- 
siderably more effectively than they block responses to sympathetic nerve activ- 
ity, this does not constitute a quahtative distmction All adrenergic blockmg 
agents appear to be more effective against responses to circulatmg sympath- 
oimmetic agents than agamst responses to sympathetic nerve activity, all 
degrees of effectiveness agamst these two stimuli may be found mthm the 
group, and even within a smgle senes of compounds (47) 

The present review is concerned largely \%uth the major Imes of progress m the 
field of adrenergic blockade durmg the past decade No attempt has been made 
to include all publications relating to the subject dunng this penod Older w ork 
has been sighted only when necessary to help clarify recent contnbutions 
Many details of the older work m this field are enumerated m the recent book 
of Bovet and Bovet-Nitti (40) 
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Extended consideration is given to the actions of the vanous agents other than 
the production of adrenergic blockade, in order to provide a basis upon which to 
evaluate experimental lesults The hteiature on adrenergic blockade is replete 
with reports Mhich meiely lecord a smgle ovei-all effect of a blockmg agent 
without any expenmental analysis of the mechanism mvolved Emphasis on 
the fact that most adienergic blocking agents have multiple and complex phar- 
macological piopeities maj serve to call attention to the inadequacy of much 
previous expemnentation in this field 

1 ^-HALOALKYLAMINiS 

The /S-haloalkylammes, of which Dibenamme (N,N-dibenzyI-/?-chloroethyl- 
amme) may be considei-ed as the prototype, represent the most recently dis- 
covered series of adrenergic bloclong agents At the present time, the block- 
ade produced bj'' members of this group of compounds appears to be more 
complete and more specific than that produced by membeis of other senes 
Although N,N-diben5!3 l-/3-chloroethyIamine was charactenzed in the American 
literature by Eisleb in 1934 incidental to a patent description of certam syn- 
thetic intermediates (102), its phaimacolog} was first reported by Nickerson 
and Goodman (285) m 1945 Additional reports soon appeared descnbmg 
more completely the phaimacolog) of Dibenamme and of certam congeners 
whose activity was suggested b)'' an eaily leport of the structure-activity rela- 
tionship within the group (296) In general, only quantrtatne differences 
between the various active members of this series have been reported, con- 
sequently the properties of Dibenamme, the most thoroughly studied com- 
pound, may be considered representative except where different pioperties of 
other agents are specifically mentioned Many pharmacological charactenstics 
of members of this group are included m sunimanes which appeared dunng the 
past year (279, 287) 

Adrenergically active ff-haloalkylammcs have a very low aqueous solubihty, 
except in the pi-esence of high acidity, and undergo quite rapid decomposition m 
neutral or alkaline aqueous solutions to fonn readily soluble alcohol derivatives 
(288) They may be prepared as stable stock solutions in acidified propylene 
glycol or alcohol (286) Decomposition m aqueous solution may account for 
one report (31) which failed to confirm many of the generally substantiated 
pharmacological observations on Dibenamme 

A Adrenergic blocking action 

1 Responses to injected epinephrine The most piominent action of Diben- 
amine is a specific blockade of certam excitatory responses to epinephrine and 
sympathetic nerve activit) (286), an observ'ation which has been confirmed 
and extended by numerous investigators 

Careful injection of moderate doses of Dibenamme into anesthetized animals 
(286, 408) or normal recumbent humans (158, 183) causes little change in blood 
pressure Larger doses induce a moderate, slow decrease in pressure This has 
been noted particularly m unanesthetized dogs (411) The drug has been re- 
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ported to cause some nse m blood pressure m certain schizophrenic patients (258) 
Eapid injection may lead to a precipitous fall in blood pressure irhich is probably 
unrelated to adrenergic blockade 

Pressor responses to exogenous and endogenous epmephrme and the direct 
pressor effect of splanchnic nerve stimulation arc blocked ind reversed m most 
species of ammak The depressor response to splanchnic nerve stimulation in 
adrenalectomized animals administered Dibenamme is small (286) and similar 
to the effect seen after large doses of ergotoxme (87) It is of interest that little 
or no reversal of the pressor response to epmephrme is observed m the rabbit, an 
animal m which adrenergic vasodilatation is apparently insignificant (65) Also, 
reversal is observed less regularly m the pithed cat (4) a preparation m which a 
high degree of vasodilatation exists pnor to the administration of epmephnne 
Reversal is presumably due to an inhibition of adrenergic vasoconstnction with 
a consequent unmaskmg of adrenergic v'asodilatation In chickens Dibenamme 
causes no reversal and even fails to inhibit the pressor action of epmephnne 
and most other sympathomimetic ammes (397) A similar resistance of fowl 
to adrenergic blockade by ergot was noted many years ago (22, 86), and raises 
some interesting questions m comparative pharmacology The action of Diben- 
amme m other species of birds has not been studied 

Alinimal effective doses of the d-haloalkylammes may block the pressor effects 
of small but not large doses of mjected epmephrme However, adequate block- 
mg doses ordmanly produce a complete blockade, i e , responses to all doses of 
epmephnne (as great as 10 mgm /kgm intravenously) are completely reversed 
(286) This high “effectiveness,” as distmct from "potency,” (see I, C-2), is 
evident bj' other tests of Dibenamme action such as inhibition of retraction of 
the cat's mctitatmg membrane m response to nerve stimulation, epmephnne 
and norepmephnne (292), prevention of cyclopropane-epmephrme cardiac ar- 
rhjdhmias (298), and inhibition of epmephnne vasoconstnction m frog ex- 
tremities (155) Dibenamme blockade develops quite slonly' even after intra- 
venous admmistration (286, 373) , this is probably due to the necessity for m vivo 
formation of active intermediates (see I, D-ll 

The adrenergic blockade produced by members of the Dibenamme senes is not 
signihcantly altered by anesthetic agents (286) and is not overcome by cocame 
(295) Comparable results have been obtained with unanesthetized and pithed 
animals and those under barbiturate, urethane, ether and cj'clopropane anes- 
thesia This 15 in contrast to the weU known inhibition of ergot blockade by^ 
barbiturates (see 66) However, hepann may significantly reduce the effective- 
ness of small doses of Dibenamme (295), presumably on the basis of a direct 
mteraction similar to that occumng between the ^haloalkyl ammes and thio- 
sulfate (see I, D-1) 

Dibenamme (286, 312) and several congeners (197, 240, 295) pronde marked 
protection against the lethal effects of epmephrme Protection of this type m 
mice has been employed as an assay for adrenergic blocking activity^ (197, 240) 
Although the results are roughly parallel to those obtained by assay based on 
reversal of the pressor response to epmephnne m anesthetized cats (295), wide 
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quantitative discrepancies exist (see also I, D-3) Methacholme (240) and 
papaverine (313) have also been shown to provide significant protection against 
epinephrine toxicity m rodents, although they are not adrenergic blocking agents 

The lack of specificity observed m protection against epmephnne toxicity is 
probably related to the mechanism of epinephnne-mduced death in miee and 
rats It has been shown that death from mtrapentoneally administered epi- 
nephrine in rats is pnmanly due to respiratory failure and that the rise m sys- 
temic artenal pressure per se is an important etiological factor m the observed 
respiratory embarrassment (282) Systemic hypertension obviously does not 
play a comparable role^in epmephnne toxicity in fowl Although Dibenanune 
provides significant protection m fowl, it does not alter the pressor response to 
injected epinephrme (397) 

The role of systemic artenal pressure in death due to epmephnne raises the 
possibility that any agent with a significant vasodepressor action could provide 
protection Several non-specific agents providing no protection under certain 
expenmental conditions (240) may afford protection when administered by 
selected routes at appropriate time mtervals Care must therefore be employed 
in interpreting the results of such expenraents 

Accumulation of epmephnne of “epmephnne-like” substances m heart muscle 
was found not to be causally related to epmephnne toxicity m rats (282), al- 
though such a relationship has been previously stressed (311, 312) Inasmuch 
as most of the myocardial effects of epmephnne are unaltered by Dibenamme 
(see I, A-4), the lack of sigmficance of myocardial accumulation of epmephnne 
might have been anticipated 

Responses to sympaiho-adrenal sixmulaiton The pressor effects of chemi- 
cally-induced generalized sympatho-adrenal discharge are also inhibited by 
Dibenamme Reversal of the nicotinic pressor action of acetylcholine and 
carbachol m atropimzed animals has been regularly observed (286, 408 ) , whereas 
the response to nicotine has been vanously reported to be only inhibited (408) 
or to be completely reversed (217) Neither of these reports provides sufficient 
data to allow an adequate explanation of the divergent results Failure to block 
completely the pressor response to nicotine may be due to a direct action of 
nicotme on penpheral vessels (155, 157, 246), which is non-adrenergic m nature 
and therefore not blocked by Dibenamme or ergotamme (246) An alternative 
explanation for the difference between the effects of Dibenamme on pressor 
responses to acetylcholme and nicotme is that sympathetic ganglion cells may 
differ m their pharmacological responses It has been suggested that only 
ganglion cells subserving vasoconstrictor functions are readily stimulated by 
nicotme, whereas both those wth vasoconstnetor and those ivith vasodilator 
functions are activated by acetylcholme (366) 

Reflex pressor responses to carotid chemoreceptor stimulation (short periods 
of anoxia or asphyxna) are also reversed (252, 286, 390, 408) but the pressor 
responses to clamping of the common carotid artenes and to stimulation of the 
central end of the severed vagus nerve are inhibited mthout reversal (295, 399, 
408, 409) At least part of the residual pressor effect of carotid occlusion after 
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Dibenamine may be due to a sunple mechanical alteration of the vascular bed 
Dibenamme has recently been employed as a tool to define other factors involved 
m the observed differences m the degree of inhibition or reversal by adrenergic 
blockade of various cardiovascular reflexes (116) 

In contrast to the ergot alkaloids (see II, D-2), central nervous system depres- 
sion does not appear to be a significant factor in the mhibition of vasomotor 
reflexes by Dibenamme That the drug is devoid of actions on autonomic 
ganglia (116, 286, 292) and on reflex pathways m the central nervous system 
(116) appears to be adequately established Intra-carotid mjection of jS-halo- 
alkylammes produces httle observable effect, whereas mtra-artenal injection 
produces local vasodilatation (408, 409), presumably by blockmg adrenergic 
vasomotor tone In addition, reflex cardiac compensation for acetylchohne 
mduced or orthostatic hypotension is unaltered m animals and humans, although 
responses to compensatory vasomotor reflexes are blocked (158, 432) Diben- 
amme m doses tolerated by the mtact animal has not been shown to have any 
direct effects on smooth muscle, either of the vascular system, gut, uterus or 
nictitating membrane 

Several other manifebtations of reflex sympatho-adrenal discharge have also 
been shown to be blocked by Dibenamme (286) The mcreases in erythroc 3 rte 
and mononuclear leucocj'te counts mduced by fnght or struggle are abolished, 
presumably because reflex contraction of the spleen and other blood reservoirs 
IS prevented The pilomotor response of cats to cold and fnght as well as to 
electncal stimulation of the abdommal sympathetic chain is also abolished In 
unanesthetized dogs, excitement may cause a fall m blood pressure for some 
time after Dibenaimne administration (423) 

The mydnasis induced m cats by dim light is moderately inhibited and that m 
response to cervical sympathetic stimulation is largely abolished (286) In man 
Dibenamine-mduced miosis is more marked (sec 183), probably because of a 
larger sympathetic component m the control of the ms In contrast to the 
effects of the ergot alkaloids (see II, D-1), the miotic effect of Dibenamme 
appears to result from adrenergic blockade rather than from direct stimulation 
of smooth muscle Except for certain differences m the sweatmg response, it 
appears that Dibenamme m adequate dosage may produce a typical Homer’s 
syndrome The use of Dibenamme offers mteresting possibilities for evaluatmg 
the role of adrenergic stunuh m other ocular functions Preli min ary observa- 
tions indicate that Dibenamme does not significantly alter accommodation (75) 

Dibenamme blockade of epinephrme stimulation of the mctitatmg membrane 
develops more slowly (295, 373) and with small doses of the agent is less complete 
than blockade of the pressor response (295) This suggests a greater resistance 
of nictitating membrane than of vascular smooth muscle to blockade, or a poorer 
penetration of blockmg agent mto the former Ocular smooth muscle has been 
shown to have a similar but much greater resistance to the effects of Pnscol 
(see III, A-1) 

It was early pomted out that Dibenamme more readily blocks responses to 
circulatmg epmephnne than those to direct sympathetic nerve activity (286) 
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Hoi\ever, it has since been contended tlia't the faihii-e of Dibenamme to reverse 
pressor responses to bdateral occlusion of the common carotid arteries and to 
electrical stimulation of the central stump of the severed vagus nerve indicates 
that the agent has little '‘sympatholytic” effect, z e , does not block responses to 
sympathetic nerve activity (408) 

Because of the complexity of cardiovascular responses m the intact animal, 
more convmcmg evidence regardmg the abihty of Dibenamme to block sympa- 
thetic nerve activity is found m studies on the nictitating membrane of the cat 
Such studies have reaffirmed the fact that responses to circulating epinephrine 
and norepmephrme (292) and to liver sympathm E (373) are more readily 
mhibited than those to nerve stimulation However, they have also clearly 
demonstrated the abihty of Dibenamme (292, 373) and several other members 
of the senes (295) to mhibit the response of the nictitating membrane to cervical 
sympathetic nerve stimulation The marked inhibition of responses to short 
penods and low frequencies of stimulation indicates that the responses of di- 
rectly innervated cells are readily blocked (292) When combined with the 
many examples of blockade of the effects of reflex sympatho-adrenal discharge 
mentioned above, these observations m arrant the conclusion that the ;8-haIo- 
alkylamme blocking agents are highly effective against most excitatory effects 
of S3mipathetic nerve activity as veil as against responses to circulating sym- 
pathomimetic agents 

3 Other “excitatory" responses Dibenamme has been shown to block and 
occasionally to rex erse the epinephnne-mduced contraction of the non-pregnant 
rabbit uterus m both tn mtro and tn vivo experiments (286) This blocking action 
has been confirmed by Acheson and Farah (4) v ho have also studied the quanti- 
tative aspects of this inhibition with very instructive results (see I, C-2,C-3) 
Epmephrme-mduced contraction of the isolated senunal xresicle of the guinea 
pig IS similarly inhibited (281) 

All the actions of Dibenamme mentioned above involve blockade of so-called 
E (excitatory) effects of epinephrine or sympathm on smooth muscle. Three 
pomte of blockade revolving tissues other than smooth muscle have been estab- 
lished Effective Dibenamme blockade has been demonstrated for adrenergic 
salivary secretion (404) and sweatmg (183, 156, 258) , for the anti-curare action 
of epmephrme on the myoneural junction of skeletal muscle (249) and for the 
arrhythima-mduemg action of adrenergic stimuli on the sensitized myocardium 
(see I, A-5) The complete blockade of salivary secretion in response to cervical 
sympathetic nerve stimulation is not surpnsmg m view of the many known 
pharmacological smulanties between smooth muscle contraction and sahvary 
secretion Dibenanune inhibition of basal sweatmg (at least m certam areas) 
and of Neo-Synephnne-mduced sv eating may provide a useful tool in answermg 
the controversial question concermng the extent to v hich adrenergic stimulation 
is involved m the normal sweating pattern (see 166) 

Dibenamme prexrents the anti-curare action of epinephnne but not that of KCl 
(249) Some specific, non-vascular action is apparently involved, and a careful 
study of this phenomenon may help to elucidate the poorly understood role of 
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adrenergic factors in skeletal muscle and perhaps also in autonomic ganglionic 
function 

4 Cardiac responses It was early reported that Dibenamme fails to inhibit 
the chronotropic and motropic actions of epmephrme (286, 293, 298, 408), circu- 
latmg sympathm (286) and reflex and direct sympathetic nerve stimulation (116, 
373) on the mammahan myocardium, and these observations have been con- 
firmed in mtro (5) and m unanesthetized animals (432) and man (158, 183) The 
tachycardia mduced by epmephrme is usually exaggerated because of the absence 
of reflex vagal slowing In contrast to the consistent agreement of the above 
observations certam reports have suggested that Dibenamme (313) and its 
1-naphthylmethyl and 2-biphenoxyethjl congeners (409) inhibit the chronotropic 
action of stellate ganghon stimulation and epmephrme respectively No definite 
explanation of these discrepant observations can be made on the basis of the 
\ery limited data supplied m the reports However, non-adrenergic factors 
must have been mvolved In one senes of experiments (313) mtroglycerme and 
papaverme produced an even greater “blockade” than Dibenamme In addi- 
tion, repeated experiments on dogs employmg 1-napthylmethyl and 2-substi- 
tuted-phenoxyethyl denvatives of Dibenamme have uniformly shown these 
compounds to produce cardiac effects parallel to those of Dibenamme (293, 295) 
However, ti\ o non-specific actions of all active /3-haloaIkylammes m anesthetized 
ammals have been found to give an apparent inhibition of epmephrme tachy- 
cardia These are (A) a reduction m body temperature due to penpheral 
vasodilatation, Nshich reduces the tachycardia m response to epmephnne and (B) 
a decrease m blood pressure vhich mcreases the contiol rate Both of these 
lactors reduce tlie extent of the increase in heart rate evoked by epmephrme, 
but no specific blockade of cardiac responses to adrenergic stimuli is mvolved 

The increase in cardiac rate after Dibenamme admmistralion m anesthetized 
(298) or unanesthetized (423, 432) dogs persists for a much shorter period of 
time than the adrenei-gic blockade, and can probably be largely, if not entirely, 
explained on the basis of reflex compensation for the effects of Dibenamme on 
the penpheral vascular system However, the marked mcrease m cardiac rate 
observed m schizophrenic patients given Dibenamme (258) may be a more com- 
plicated phenomenon 

Cardiac acceleration has been mdely employed as a test for gonpathm E 
(see 67), honever, the failure of Dibenamme to block such acceleration casts 
doubt on the similanty of this response to the excitatory' responses of smooth 
muscle Resistance of the mj'ocardium to Dibenamme blockade may be con- 
sidered as support for the conclusion of Ahlquist (10), that the chronotropic and 
inotropic responses of the mammalian myocardium to adrenergic stimuli are 
more properly classed mth the inhibitory responses of most smooth muscle 

In contrast to responses of the mammahan myocardium, the chronotropic re- 
sponse of the amphibian heart to epmephrme is blocked and even reversed by 
Dibenamme and congeners (295) This difference m the response of TUftTUTrinlign 
and amphibian hearts to adrenergic blockade has also been noted mth several 
other types of adrenergic blocking agents Its basis is unexplained 
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6 Cardiac arrhythmias Although members of the /S-haJoalkylamine senes 
of adrenergic blockmg agents fail to inhibit the chronotropic and pasitive ino- 
tropic effects of epmephnne on the mammalian myocardium, Dibenamine and 
all active congeners tested very effectively prevent the cardiac arrhythmias 
induced either by epmephnne alone m unanesthetized dogs (423) and humans 
(183) or by epmephrme in the presence of cyclopropane sensitization (299) In 
comparative studies (298) Dibenamine was found to provide much more effective 
protection than any of a vanety of other agents tested except certain other 
members of the /5-haloaIJcylamine senes (293, 295) Dibenamine also inhibits 
ventncular fibnllation induced by epmephrme after myocardial sensitization by 
other volatile hydrocarbons (135) and by D D T (295) Fibnllation after 
D D T is somewhat more diCBcult to block ivith Dibenamme than the arrhyth- 
mias induced by epmephnne in the presence of most other sensitizing agents 
Dibenamme has also been found to prevent effectively “spontaneous” arrhyth- 
mias in surgical patients under deep cyclopropane anesthesia (283) a fact which 
suggests that endogenous epmephnne or sympathin is the cause of these ar- 
rhythmias In both man and animals complete suppression of arrhythmias was 
found to require larger doses of blocking agent than are necessary to reverse the 
pressor response to mjected epmephnne 
Studies of the mechamsm of Dibenamme protection against cyclopropane- 
epinephnne cardiac arrhythmias have revealed at least two important com- 
ponents One is a direct protection of the myocardium which is complete only 
with doses of Dibenamme larger than those required to reverse the pressor re- 
sponse to mjected epmephnne (283, 293, 298), but which may also be disso- 
ciated from the penpheral blockade at lower doses (135) The other factor is 
protection of the myocardium against the stress of increased systemic artenal 
pressure which would result from the penpheral effects of epmephnne in the 
absence of blocking agent (269, 293) The sensitizing effect of elevated systemic 
artenal pressure which permits arrhythmias to occur m the presence of Diben- 
amme IS cumulative and dependent upon the absolute pressure against which the 
left ventncle must work, rather than upon the magnitude of change in pressure 
(293) , how ever, the rate of pressure change appears to play a sigmficant role (269) 

In addition to its adrenergic blockmg action, Dibenamme has certain transient 
direct effects on the myocardium which are shared by its adrenergically inactive 
hydrolysis product 2-dibenzylammoetlianol One of these effects is “quinidine- 
like ” These agents decrease the sinus rate of the isolated rabbit auricle and the 
niaximum rate at w'hich the auricle wall follow' electneal stimulation (5) A 
transient increase m the threshold for electncally-mduced fibrillation has also 
been noted (291) Dibenamme (prior to the onset of its adrenergic blocking 
action) and seieral adrenergically inactive congeners may actually sensitize the 
cat myocardium to epinephrme-mduced arrhythmias (295) In addition, both 
Dibenamme and 2-dibenzylammoethanol sensitize the dog heart to fibnllation 
after coronary occlusion (295) It is quite possible that these transient non- 
adrenergic myocardial effects of Dibenamme are mvolved in the cardiovascular 
collapse and death which may result from rapid intravenous injection of large 

doses 
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It may be safely concluded that the non-adrenergic actions of Dibenannne on 
the myocardium are unimportant in protectmg the heart against cyclopropane- 
epmephnne arrhythnaias These non-specific actions last only an hour or tM o, 
whereas the major protection against arrhythmias persists for 24 hours (293) 
and may be detected for as long as 8 days (423) The direct effects are also 
shared almost equally by 2-dibenzylammoethanol -n-hich provides httle or no 
protection against cyclopropane-epmephnne arrh 3 q;hinias (293, 298) 

6 '‘Inhibitory" responses In contrast to its effectiveness m blocking adren- 
ergic excitatory responses, Dibenamme appears to be meffective agamst m- 
hibitory, metabohc and central nervous stimulant actions of sympathomimetic 
agents (286) The relaxation of rabbit, gumea pig and rat ileum produced by 
epmephnne in vitro is unaltered by concentrations of Dibenamme in the same 
range (1.1,000,000 to 1 15,000,000) as those blockmg excitatory responses of 
smooth muscle (281, 286), this lack of effect has been confirmed by a study of 
mtestmal activity m imanesthetized dogs (335) Much higher concentrations 
do produce a reduction m the epmephnne-induced relaxation (281), but this 
effect IS probably non-specific, responses to acetylcholme and BaCU are almost 
equally inhibited Epmephnne-induced relaxation of the non-pregnant cat 
uterus in situ is unaltered (286), but epmephnne-induced contraction of the rabbit 
uterus IS readily inhibited both in vivo and in vitro (4, 286) A reported reversal 
of the bronchodilator actions of epmephnne and norepmephnne (360) is contrary 
to the usual lack of effect of Dibenamme on inhibitory responses Unfortu- 
nately, the report m question pro\ndes no data regarding the concentrations of 
Dibenamme required or the magmtude of the effect, factors cntical for an 
evaluation of the results 

It IS evident that the reversal of the pressor response to epmephnne depends 
upon the inability of Dibenamme to inhibit adrenergic vasodilatation, this is 
emphasized by the lack of effect of Dibenamme on the depressor response to 
Isuprel (N-isopropyl-norepmephrme) (293, 295, 414) As expected, Dibenamme 
does not alter coronary blood flow or inhibit the mcrease m flow mduced by 
epmephnne (232). The reported action of di-jS-chloroethyl denvatives of Diben- 
amme m mhibitmg the depressor effects of epmephnne and Isuprel (197) is 
probably a reflection of the greater non-specific toxicity of these compounds 
which are true mtrogen mustards Properly selected doses of N-benzyl-N,N- 
di(/5-chloroethyl)amme produce a typical Dibenamme-type reversal of the pressor 
response to epmephnne but the Isuprel depressor response is unaltered Larger 
doses cause a reduction m the depressor response to Isuprel, but the response to 
methachohne is even more reduced, a fact which mdicates a non-specific toxic 
action (295) 

7 Central nervous system and metabolic responses Dibenamme fails to pre- 
vent epmephnne-induced hyperventilation m animals (286) or man (183) The 
increased activity caused bj'' certain sympathomimetic ammes m mice (281) and 
the “tmttenng” of chicks evoked by the same agents (78) are also unaltered 
Dibenamme causes httle reduction in the h 3 q)erglycemic response to epmephnne 
m animals (286, 300) aud man (183), but certain congeners, notably those v.nth 
1-napthylmethyl substituents, are quite active in this regard (300) It is pos- 
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sible that a slight glycemic-blocking action, detectable in studies on larger groups 
of animals (147) may extend through, the entire senes Because Dibenamine 
inhibits local vasoconstnction and thus permits epinephnne to be more rapidly 
absorbed, small changes in the maximum glycemic response after subcutaneous 
administration of epmephnne are difficult to evaluate Studies employing 
epinephnne administered intravenously will be necessary to detennme whether 
massive doses of Dibenamine apeci{ic&l}y inhibit the glycemic response to epi- 
nephnne A report (32) that the BMR is reduced by Dibenamine does not 
provide adequate evidence upon which to base an mterpretation It is also 
difficult to evaluate the sigmficance of an increased sensitivity to anoxia noted 
after Dibenamme administration (101), certam other adrenergic blocking agents 
have been observed to have an opposite effect (106) 

Dibenamme does not prevent the prolonged “hghting” of fireflies induced by 
amphetamine (365) Whether this response to amphetamme should be classified 
as metabolic or central is not clear 

8 Specificity The specificity of the adrenergic blockmg action of Diben- 
amme appears to be greater than that of other classes of adrenergic blockmg 
agents studied to date Dibenamine is meffective against non-sympathomimetic 
smooth muscle stimulants Chohnergic stimulation of the mctitatmg membrane 
(292), acetylchohne and histamme vasodepression (295, 414, 432), morphine 
stimulation of the mtestme m unanesthetized dogs (335), acetylchohne and 
barium stimulation of rat mtestme (281), and the pressor effects of ergotamine 
(217, 295), angiotomn (284, 432) and postenor pituitary (295, 408, 414, 432) are 
not blocked by doses of Dibenamme well above those which are effective against 
most adrenergic excitatory responses The reported reversal of the pressor effect 
of KCl in intact animals (241) is best explained as an effect of Dibenamme on 
the sympatho-adrenal discharge evoked by potassium Dibenamme also fails 
to block the direct vasoconstnction elicited by angiotomn and nicotine (155) in 
the LSwen-Trendelenburg frog-limb perfusion preparation Dibenamme has a 
slight antihistarmmc action and some congeners are very potent m this regard 
(239, 290, 292) It is of interest that in a senes of over 75 /S-haloalkylamines 
(290) no compound among the most effective antihistanumcs failed to show 
adrenergic blockmg activity An mcomplete report of inhibition of the depressor 
effect of stimulation of the peripheral end of the severed vagus by both Diben- 
amine and Priscol (255) implies some cholmergic blocking action However, 
this action of Dibenamme has not been substantiated Doses of 20 mgm /kgm 
have been found to alter neither the depressor nor the decelerator responses to 
standardized electncal stimulation of the vagus m dogs (295) 

B Actions other than adrenergic blockade 

1 Local actions The primary side-effects of Dibenamme are local tissue dam- 
age after subcutaneous, mtramuscular or mtrapentoneal admimstration, and 
stimulation of the central nervous system (280, 286) The local tissue toxicity 
IB dependent upon the yS-haloalkyl groupmg and reflects the relationship of these 
compounds to the nitrogen mustards Local damage to vital abdominal organs 
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IS largelj responsible for the much greater toxicity of Dibenamme after intm- 
pentoneal than after subcutaneous or slow mtravenous ad minis tration (286) 
That intrapentoneally administered Dibenamme constitutes a considerable stress 
IS mdicated by the sharp drop in adrenal ascorbic acid •vshich has been noted after 
such admimstration (394) 

The systemic toxicity of the Dibenamme-type blockmg agents is much less 
than that of the mtrogen mustards (about 1000 times less m the case of Diben- 
aimne admmistered subcutaneously) Three factors are of importance m reduc- 
ing the toxicity of these compounds (288), the presence of only a smgle /3-haloalkyl 
group, a decreased aqueous solubihtj'- and a specific action of the aromatic 
groupfng on the reactivity of the /S-haloalkyl moiety (see I, D-2) Compounds 
a ith a single /3-haloalkyl substituent fail to damage hemopoietic tissue even after 
prolonged admmistration 

Prolonged daily subcutaueou:, administration of sei eral times the blockmg dose 
of Dibenamme and seieral congeners (281, 286) causes only a slight reduction 
in the growth of young rats and no histologically detectable organ damage (289) 
Oral administration of doses beloii about 1 gm /kgm appears not to produce 
detectable damage to the gastromtestmal tract Hoiiever, doses necessarj' to 
produce an adequate block after oral administration may cause nausea and 
voniituig m humans (183, 337, 379, 424) Local imtation is probably a signifi- 
cant factor m this reaction, as only mmimal side effects accompany the produc- 
tion of extensile blockade when the drug is administered intravenously inth 
care (158, 258) 

2 Central nervous system Stimulation of the central nervous sj'stem by 
Dibenamme m animals is manifest m hjTierventilation, analepsis and even con- 
vulsions (280, 286, 298, 358) In humans, mild stunulation is frequently ex- 
pressed as a specific loss of time perception (183, 337) This effect has been 
attnbuted to temporal lobe excitation (337), but the localization does not appear 
to be conclusively established Xausen and vomitmg may also occur after 
mtraienous administration (183, 337), particularlj' if it is rapid, probably on the 
basis of direct medullary stimulation Nausea and vomitmg are unrelated to 
the adrenergic blockade Central nervous system excitation develops earlier 
and terminates long before the adrenergic blockade It is ehcited even more 
markedly by the hydroxyl denvatives (hydrolysis products) of vanous members 
of the senes (280, 286, 287) The central stimulant action of Dibenamme is 
accentuated by rapid mtravenous injection, mdeed, the mtravenous toxicity may 
vary by as much as 1000% with variations m the rate of injection (286) 

S Kidney On the basis of experiments on a smgle dog, Ogden (303) reported 
that Dibenamme produced a marked reduction m renal plasma flow and glo- 
menilar filtration, and histological evidence of renal cortical necrosis Histo- 
logical studies (289) earned out pnor to chnical tnal of Dibenamme failed to 
reveal any renal damage m rats, even m animals dymg from the clironic admin- 
istration of massiv e doses How ever, because of the expanding clinical study of 
Dilwmamine, a detailc-d attempt was made to confirm the reported renal damage 
in dogs (411) Six wecklj' intravenous injections of 20 mgm /kgm Dibenamme 
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failed to produce any significant renal damage, as measured by glomerular filtra- 
tion and renal plasma flow, even when each injection was completed within one 
minute to produce maximum side-effects including prostration of 24 to 48 hours 
duration In none of the animals studied were piersistent toxic effects of any 
kind noted The above discrepancy in results remains unexplained, but the 
reported toxicity would appear to be most readily accounted for by some factor 
m the technic employed The absence of any report of renal damage after 
fairly extensive climcal use of Dibenamme appears to confirm the lack of renal 
toxicity 


C Locus and mechamsm of action 

1 Locus of blockade Studies on the locus and mechanism of action of mem- 
bers of the Dibenamme senes of blockmg agents have revealed certain factors 
which distinguish this group of compounds from previously studied blockmg 
agents On the basis of both in vitro and in tnvo experiments it was pomted 
out that Dibenamme does not affect the alteration or destruction of epmephrme, 
does not inhibit the release of sympathm E and does not significantly alter the 
responsiveness of sympathetic nerves to electrical or reflex excitation (286, 292) 
The agent has also been shown to inhibit adrenergic functions directly rather 
than by a potentiation of antagomstic cholmergic or histammergic responses 
(286, 292) 

Quantitative studies on the Dibenamme blockade of the response of the cat 
nictitating membrane to cervical sympathetic nerve stimulation (292) have 
mdicated that alterations m the permeability of the smooth muscle celb to 
sympathm is not a significant factor m the blocking action Inasmuch as 
Dibenarmne-treated cells may contract normally m response to acetylchohne, 
methacholme, ergotamine, mcotme, banum, postenor pituitary and angiotomn 
(see I, A-8), it is also apparent that Dibenamme does not paralyze the contractile 
mechanism of smooth muscle cells By a process of exclusion it must therefore 
be concluded that Dibenamme specifically blocks some step m the process of 
excitation by sympathomimetic agents which is not necessaiy for stimulation 
by other substances, this step is interposed between penetration of the cell by 
the exciting agent and the actual process of contraction The cellular matenal 
or process involved m this step has come to be referred to as the specific “receptor 
substance” or “receptor process,” terms which only thinly disguise the fact that 
almost nothing is known regardmg the true nature of this important step in the 
activation of effector cells 

£ Type of blockade Two distinguishmg features of the Dibenamme type of 
blockade are its completeness and its duration Extensive blockade may persist 
for three to four da3^ after a single injection (183, 241, 286, 423), and residual 
effects after even longer penods of time have been reported (183, 423) It has 
also been observed (4, 281, 290) that the blockmg actions of /S-haloalkylamines 
in vitro are not reversed even after prolonged washmg 

Studies of other senes of blocking and exciting agents (acetylcholme-atropme 
(76) ergotamme-epmephnne (265) and diphenhydramine-histamme (413)) mdi- 
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cate that antagonism occurs at a definite ratio for each pair of agents This 
ratio, nhich vanes somenhat with different test objects, implies a dynamic 
equilibnum of the blocking and excitmg agent inth some specific grouping or 
locus m the cell In blockade of this tj^pe “effectiveness” and “potency” are 
essentially the same 

In the case of Diben unine, however, it has been shown that once an adequate 
block has been established it cannot be overcome by massive adrenergic stimu- 
lation This has been demonstrated for contraction of the cat nictitating 
membrane (292) produced by epmephnne, norepinephrme and cervical sympa- 
thetic stimulation, for the pressor action of epmephnne (4, 286) and other 
sjrmpathomimetic amin es (294) m cats, for contraction of the isolated rabbit 
uterus by epmephnne (4, 281) and for vasoconstnction by epmephnne m the 
L§wen-Trendelenburg frog-limb perfusion preparation (155) Such findings 
cannot be explained on the basis of equilibna between mediator and blockmg 
agent for some specific receptor In this tjqie of blockade “effectiveness” is not 
a function of “potency ” 

S Steps in the producium of adrenergic hlockade The prolonged action of 
the P-haloalkylanune blockmg agents might result from persistence of active 
drug m the body or from some early action of the drug which is only slowly 
reversed The blockmg action of the /3-haloalkj lammes is apparently exerted 
through highly reactive intermediates formed m the body (see I, D-1) These 
intermediates react rapidly and competitively wnth thiosulfate, and this reaction 
has been employed to determine the persistence of active drug in the body If a 
high concentration of thiosulfate is mamtamed in vivo during the penod of 
intermediate formation, adrenergic blockade never develops However, if the 
thiosulfate concentration is allowed to fall before the completion of the reaction, 
blockade subsequently develops In this maimer, it has been possible to deter- 
imne that the sojourn of effective amoimts of Dibenamme in the body is ap- 
proximately 12 to 18 hours (287) This relatively long period is presumably 
due to the high hpid solubility of the drug, which allows storage m fatty tissue, 
but it IS still far short of the observed duration of blockade The persistence of 
blockade beyond the penod dunng which effective concentrations of active drug 
are present m the body suggests a destruction or prolonged inactivation of some- 
thing in the cell which is essential for excitation by adrenergic stimuli 
The completeness and “non-equilibnum” character of the adrenergic blockade 
produced by the jS-haloalkjdamines also mdicates a relatively irreversible inac- 
tivation of many or all of the cellular loci at which adrenergic stimulation must 
occur However, it has been observed that in the penod dunng which the 
Dibenamme blockade is dev^eloping in vivo (a penod of at least hours) an 
equihbnum betw ecn epmephnne and Dibenamme does exist (288) Epmephnne 
adimnistration at this time definitely reduces the effectiveness of Dibenaimne 
A similar equilibi lum factor, mamfested as a decreased sensitivity to epinephrme, 
has been observed m utenne stnps treated with Dibenamme in vitro (4) From 
the above observations it may be concluded that the Dibenamme blockade 
develops m two stages First, an approximation of Dibenamme to its site of 
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action This is probably at or neai the site of action orepinephnne and conse- 
quently a state of competitive equilibnum may exist Second, an actual covalent 
chemical bonding of the blocking agent to some grouping near its site of action 
which prevents further equilibration with sympathomimetic agents and accounts 
for the completeness and duration of the blockade (288) 

Acheson and Farah (4) observed occasional rabbit uterus preparations in which 
only the first step of this sequence appeared to occur, t e , the maximum control 
response could still be elicited if high concentrations of epmephnne were em- 
ployed These “aberrant” preparations were exposed to Dibenamine for the 
same penod of time as others which exhibited a clear reduction in the maximum 
possible response (non-equilibnum blockade) The basis for the difference is not 
clear, but it may well involve factors (tissue pH, etc ) affecting the intermediate 
reactions of the /3-haloalkylamines which are necessaiy for stable bondmg 
(see I, D-1) 

D Relation of chemical slruclure to adrenergic blocking actimly 

1 Blocking reactions The completeness and duration of the Dibenamme-typc 
blockade are most readily explamed on the basis of tn vivo coupling with sulfhy- 
drj'l, ammo, imidazole or carboxyl groups Such reactions have been conclu- 
sively demonstrated for various /3-haloalkyJamines in connection v ith chemical 
warfaie work on the nitrogen mustards (128, 129) They are dependent upon 
the formation of highly reactive ethylenimmomum or vmyl mtermediates (288, 
380, 381) The activitj of members of the jS-haloalkylamine senes of adrenergic 
blocking agents has been shown also to depend upon mtermediate foimation 
(287, 296) Tliiosulfate reacts rapidly and competitn ely wuth both immonium 
and vmyl intermediates formed fiom nitrogen and sulfur mustards, but not 
directly with the parent compounds (see 288) Prior admmistration of thiosul- 
fate prevents the tjqiical blockmg action of even large doses of the /?-haIoaIkyl- 
armnes, although thiosulfate does not alter the blockade once it is established 
Tins mdicates that these agents do not produce their blockmg effect before the 
formation of mtermediates Inasmuch as the final hydrolysis products are uni- 
foimly mactive, it may be concluded that the substances immediately responsible 
foi adrenergic blockmg activity arc the intermediate transformation pioJucts 
The rather slow production of active mtei mediates in vivo probably also explains 
the slow onset of action observed even after mtravenous admmistration 

Available information indicates that all tertiaiy /9-haloalkylammes probably 
undergo qualitatively similar intermediate formation and reaction, but it is also 
apparent from chemical studies (see 288) that other substituents on the amme 
may significantly alter the reactions of the )3-haloalkyl moiety 

2 Chemical reqiiirements for activity A detailed study of 190 compounds 
related to Dibenamine (288) has revealed certain very specific requirements for 
adrenergic blocking activity These may be briefly summanzed as follows 

(1) The compound must be a tertiary amine All secondary amines tested 
vere found to be inactive 

(2) The compound must have a /3-liaIoulkyl group capable of the formation 
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of an active intermediate All substitutions for the halogen were found to result 
in inactivation, as does removal of the halogen to the y-position (S-y-unsatura- 
tion which would also inhibit the formation of mtermediates, completely mac- 
tivates otherwise active j3-haloalkyl compounds 

(3) The compound must mclude an unsaturated nng structure attached to the 
mtrogen m such a w'ay that hyperconjugation wall act to stabihze the reactive 
intermediates formed Substitutions on the unsaturated rmg lead to loss of 
activity in proportion to the extent to which conjugation is inhibited For ex- 
ample, a 4-chlonne substitution on the phenyl rmg of N-benzyl-N-ethyl-/3-chloro- 
ethylamme results m an 80% loss of activity, whereas a 3-chlonne substitution 
does not reduce and may even slightly mcrease activity because it favors hyper- 
conjugation In the presence of one jS-haloalkyl and one smtable unsaturated 
grouping the nature of the third substituent on the nitrogen usually has only a 
manor influence on activity 

(4) The unsaturated rmg of the compound must satisfy certam stem require- 
ments The exact linuts of these requirements are not clear, but substitutions 
which would tend to be out of the plane of the rmg appear to produce macti- 
vation 

Although the above structural requirements for activity m the /3-haloalkyl- 
anune senes cannot be considered as defimtive, they have provided a practical 
and accurate basis for directing the synthesis of a large number of new com- 
pounds In addition, these requirements pomt to certam very mterestmg 
theoretical considerations In the past, discussions of structure-actmty rela- 
tionship m senes of biologically active compounds have centered almost entirely 
upon molecular morphology, i e , stenc factors The general form of the mole- 
cules or the distances between particular atoms or radicals have been the usual 
considerations In the |3-haloalkylamme senes of blockmg agents, however, 
attention has been focused upon a very different property of the molecule, t e , 
its chenucal reactivity From the evidence presented above it may be con- 
cluded that the specific adrenergic blockmg reaction, as distinct from whatever 
other reactions are mvolved m the toxicity of the mtrogen mustards, requires a 
stabilization of the reactive intermediate Why this should be necessary can 
at the moment be only a matter of speculation, but it is apparent that the hyper- 
conjugation required for activity will supply sufiucient stabilization energy to 
alter markedly the reactions of the mtermediates mvolved in the production of 
the blockade 

In addition to the large senes of ^-haloalkylammes discussed above, several 
members of the group have been reported separately (197, 240) These reports 
also have mcluded a few compounds wnth minor alterations of structure (different 
length alkyl chains as the third (non-cntical) substituent and different substi- 
tutions in the 2 position of the phenoxyethyl substituent) which were not m- 
cludcd in the larger senes When corrected for certain errors due to inadequate 
testing methods (sec I, D-3), the reported actmties of these additional com- 
pounds in no way alter the above conelusions regarding the structural require- 
ments for activity 
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S Relative potencies Determinations of the relative potencies of various 
members of the Dibenamine senes are still unsatisfactory Although the /3-halo- 
alkylamines have been shown to exert their blockmg action by all routes of 
administration (286), most routes are not suitable for quantitative tests Most 
of the compounds, particularly those with a favorable therapeutic index, are 
quite insoluble in aqueous media (288) Because of this insolubility and because 
of varymg but quite rapid rates of decomposition (288), oral administration (240) 
seems to provide an madequate basis for quantitative compansons The factor 
of solubihty also limits the accuracy of tests involvmg subcutaneous administra- 
tion, use of this route as well as adherence to a ngid time schedule probably 
accounts for the reported inactivity (197) of several compounds which are fully 
active after intravenous admimstration (288) The varying rates at which 
blockade develops (288) and the effect of epmephime in reducmg the degree of 
blockade dunng its imtial stages (see I, C-3) also represent obstacles to accurate 
compansons of potency 

However, certam general conclusions may be draivn concemmg potency It 
lb apparent from all tests (197, 240, 288, 295) that Dibenamme is not the most 
potent member of the senes The compound N-ethyl-N-(l-naphthylmetliyl)-/3- 
chloroethylamine possesses a relatively high potency, although much of the 
observed advantage when administered orally (240) or subcutaneously (197) is 
undoubtedly due to its high aqueous solubility (which is correlated ivith a high 
toxicity (288)) When tested for peak effect after intravenous administration 
in cats, it appears to be somewhat less than tivice as potent as Dibenamme (295) 
The most active compound studied to date is N-benzyl-N-(2-methylpheno\y- 
ethyl)-/3-chloroethylamine which is about 5 times as potent as Dibenamme when 
administered intravenously (295) It is of practical importance that this agent 
IS also one of the least toxic members of the ;8-baloalkylamine senes 

4 Application to other fields The reactions mvolved m adienergic blockade 
may vary wndely from one group of blockmg agents to another It is obvious 
that the above considerations of the mechanism of blockade cannot apply to 
members of such senes as the ergot alkaloids, benzodioxanes or imidazolines 
More subtle distmctions must also occasionally be made For example, certain 
pnmary and secondary phenoxyethylammes without a /3-haloalkyl group are 
adrenergic blockmg agents (see VI, B-1) These compounds appeared to repre- 
sent major exceptions to several of the chemical reqmrements for activity dis- 
cussed above until it w'as noted (288) that the blockade produced is very different 
m character from that produced by Dibenamme, r e , it is very much shorter m 
duration and is essentially unaltered by the presence of thiosulfate 

The demonstration that precise chemical configurations are necessary for 
adrenergic blockmg activity m the /S-haloalkjdammc senes and the insight which 
this information has provided regarding the chemical reactions mvolved m the 
blockmg action raise the possibility that other properties of these and related 
agents may yield to a sumlar anal 3 ^is It may be hoped that comparable studies 
of other properties, such as the destructive action of the nitrogen mustards on 
certam neoplasms (139, 144, 201, 332), may provide a theoretical basis for 
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syntheses leading to much-needed improvements m specificity Current at- 
tempts to improve the specificity of the anti-neoplastic action of certam jS-halo- 
alkylamines, e p , by attachmg them to carcmogens (126), have been earned out 
mth only a very limited knowledge of the chemical basis for the desired action 
and have met with httle success 

n ERGOT ALKALOIDS 

Older work on the ergot alkaloids has been excellently reviewed by Barger 
(20, 21) and will be referred to here only as necessary to clarify more recent re- 
sults The first demonstrations of specific adrenergic blockade by any agent 
were those of Dale (85) and Sollmann and Brown (375) who employed crude 
or only partially purified ergot preparations Smee then the ergot alkaloids 
ha\e been extensively mvestigated, but few basic observations have been made 
which were not mdicated by the classical studies of Dale (86) The alkaloids 
employed by Dale m these experiments were not completely purified and iden- 
tified HoncA’er, they appear to have been very similar to ergotoxine and his 
results will be considered as representative of the actions of that agent 

Unfortunately, so much emphasis has been placed on the adrenergic blocking 
activity of these compoimds that their other pharmacological properties fre- 
quently hav e been overlooked mth consequent mismterpretation of experimental 
results The most important side-effects are direct stimulation of smooth 
muscle and complex excitant and depressant effects on the central nervous 
system Under many experimental conditions these side-effects are promment 
mth doses smaller than are required to produce significant adrenergic blockade 

A Alkaloids lacking adrenergic blocking aclivily 

By 1930 the pharmacology of ergotamme and ergotoxine had been extensively 
studied and it \%as generally accepted that both the oxytocic and adrenergic 
blocking activities of ergot resided pnmarily m these alkaloids Howei er, m 
1932 Moir (27) pointed out that crude extracts of ergot produced a more potent 
and rapid effect on the parturient uterus than any of the known alkaloids In- 
Aestigations designed to clarify this difference m activity resulted m the almost 
simultaneous isolation of the alkaloid ergonoinne m four separate laboratories 
(see 216) In ergonovme the lysergic acid nucleus is attached to a simple ammo 
alcohol (2-aminopropanol) rather than to a polypeptide cham as m members 
of the ergotamme and ergotoxine groups of alkaloids (see table I) 

The earliest obsenmtions on the pharmacology of ergonovme (54, 345, 347) 
demonstrated it to be essentially devoid of adrenergic blocking activity A 
slight reduction m the pressor response to injected epmephnne is observed mth 
large doses (345), but the effect may well be non-specific Ergonovme is re- 
ported to be somewhat more potent than ergotanune in stimulating the guinea 
pig uterus in vilro, but to be a less active x'asoconstnctor (345, 347) It has a 
stronger pressor effect than ergotamme m anesthetized rabbits (345), although 
it is less pressor than ergotoxine in pithed cats (54) The latter observation is 
the better index of peripheral vasoconstriction as much of the pressor effect of 
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thjs agent, at least in cats, is due to stunulation of spinal vasomotor centers 
Under certain conditions ergonovme may actually produce vasodilatation in the 
perfused cat limb (54) On a weight basis ergonovme has been reported to be 
twice as potent as ergotamine or ergotoxme in producing cyanosis of the cock’s 
comb (346) The unexpected combination of an increased production of cyanosis 
(probably a rather accurate measure of direct vasoconstriction) accompamed by 
a decreased production of gangrene (54, 345, 347) does not appear to have been 
adequately studied or explained Ergonovme is of importance m the field of 
adrenergic blockade only m control experiments designed to determine the extent 
to which the effects of other ergot alkaloids are due to side-effects It has been 
employed too infrequently for this purpose 

TABLE I 


Compoatium of the natural alkaloids of ergot* 


I Ergotamine-group 

1 Ergotamine 
Ergotanunme 

2 Ergosine 

Ergosmine 


Lysergic aad 

NH, 

Pixuvio acid 
d-Proline 

-f- l-Phenylalanine 

-f 1-Leuoine 

II Ergotoxine-group 

3 Ergocristme 
Ergocnstinine 

4 Ergokryptine 
Ergokryptmine 

6 Ergocornine 
Ergocorninme 


Lysergic acid 

NH, 

Dimethyl-pyruvio acid 
_d-Proline ^ 

-f 1-PhenylaIanine 

1 -f 1-Leucine 

4- 1-Vsline 

III Ergobasine** 

Ergobasinine 

Lysergic aoid 

+ d-2-Aminopropanol 


* From Rothlin ( 351 ) 

** Identical with Ergonovme 


Methergme, a partially synthetic alkaloid (385), differs from ergonovme only 
by the presence of an additional methylene group, and appears to have pharma- 
cological properties almost identical with those of ergonovme (218) This com- 
pound was selected for clinical use because it was found to be the most effective 
utenne stimulant among members of a large senes of rather simple amides of 
lysergic acid (385) 

One partially synthetic member of the ergonovme group deserves special 
mention because of its remarkable effects on the central nervous system (389) 
The diethylamide of lysergic acid has been descnptively termed “ein Fhanta- 
stikum ” In man oral doses as small as 10 to 30 micrograms cause marked and 
highly specific psychic responses These include a state of fluctuating euphona 
and depression and alterations in almost all sensory perception The develop- 
ment of vividly colored and rapidly changing visual hallucinations is particularly 
charactenstic In men of the fact that the active Z-isomers of all ergot alkaloids 
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possebb pouerful central nervous system actions (see 11, D-2), the properties of 
lysergic acid-diethylamide may be considered merely as extensions of actions 
common to the group 

In addition to evokmg the above psychic effects, lysergic acid-diethydamide 
stimulates the isolated uterus only shghtly less than ergonovine (385, 389) and 
produces marked analepsis in anesthetized animals It is probably safe to 
assume that, in common mth all other non-polypeptide ergot alkaloids studied, 
it IS devoid of adrenergic blocking activity 

B Chemistry 

Smce the isolation of ergonovme, two major advances hare been made m 
the chemistry of the eigot alkaloids, both m the laboratory of Dr Arthur Stoll 
In 1943 it was reported that ergotoxine is really a complex of three alkaloids 
(386) which were guen the names ergocormne, ergocnstme and ergokryptme 
Ergocnstme had been isolated and charactenzed m 1937 (384), but at that 
time it was not lecognized as a component of “ergotoxme ” In common wuth 
ergotairune, but m contrast to ergonovme, these compounds mclude a poly'- 
peptide moiety (see 388) The terminal residue of the peptide cham is d-prolme 
in all members of both the ergotamme and ergotoxme groups (see 383) Mem- 
bers of the ergotoxme complex contam dimethyl-pyrumc acid instead of py- 
runc acid as m ergotamme and ergosme and differ from each other only m 
one ammo acid residue (388) (table I) However, they do differ very signifi- 
cantly m their adrenergic blocking activity (55, 351, 353) The observed effect 
of variations m ammo acid constitution upon blocking activity suggests that the 
synthetic substitution of still other ammo acids might pi ove to be a frmtful line 
of endeavor 

A second major advance m the chemistry of the ergot alkaloids was the partial 
reduction of all members of the ergotamme and ergotoxme groups to form their 
dihydro denvatives (387) Hydrogenation decreases the abihty to stimulate 
smooth muscle and mcreases the adrenergic blockmg activity of all natural 
alkaloids Specific properties of the reduced alkaloids will be considered to- 
gether with comparable properties of the parent compounds 

C Adrenergic blocking action 

1 ''Excitatory" responses As noted above, all ergot alkaloids wnth signifi- 
cant adrenergic blockmg activity contam a polypeptide ade-cham Although 
then potency relationships follow a general pattern m vanous tests, wuth er- 
gotamme the least, and ergocnstme and ergokryptme the most potent, this 
order of activity is not mviolable Ergocormne is significantly more active 
than ergotamme when tested against epinephrme-mduced contraction of the 
gumea pig seminal \esicle in mlro (55, 351), but the relationship is reversed 
when the agents are tested for then ability to antagomze the effects of epmephrme 
on the rabbit uterus (351, 353) 

The adrenergic blocking potency of the reduced alkaloid is alway's greater than 
that of the parent compound In intro tests on the gmnea pig seminal vesicle 
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and rabbit uterus (55, 351, 353), although not providing identical potency ratios, 
allow agreement on an order of increasing potency dihydroergotamme, ihydro- 
ergocomine, dihydroergocnstine and dihydroergokryptme No quantitative 
compansons of their effectiveness m blocking cardiovascular responses to ad- 
renergic stimuli in intact animals are available, but dihydroergotamme is defi- 
nitely less active than the denvatives of members of the ergotovme group (295) 
Some workers have experienced difficulty m obtaining clearcut reversals of the 
epinephrine pressor response even with rather large doses of dihydroergotamme 
(304, 305) 

The dihydro eigot alkaloids appear to have a relatively short duration of action 
tn mo when tested for antagomsm of the pressor (224, 295, 350, 351) and rabbit 
uterine responses (351) to epinephrine This duration of action might have been 
anticipated from the ease ivith which these compounds are “washed out” of in 
vttro preparations (55, 353) The adrenergic blocking action of both the natural 
alkaloids and their dihydro derivatives persists for a considerably shorter period 
of tune than their other pharmacological actions 

Early expenments of Dale (86, 87) demonstrated that large doses of the ergot 
alkaloids produce a blockade which is effective against strong adrenergic stimuli 
and this property is shared by their dihydro denvatives (295) With the excep- 
tion of the /3-haloalkylammes, all other senes of adrenergic blocking agents 
produce a less complete and effective blockade Larger doses of ergotamine 
and ergotoxine (see 24, 86) are required to inhibit the pressor response to splanch- 
nic stimulation than that to mjected epmephnne In the absence of evidence 
to the contrary it may be assumed that the dihydro denvatives behave m a 
qualitatively similar manner Considerably larger doses of these agents are 
required to block the response of the cat’s nictitating membrane to cervical 
sympathetic nerve stimulation than to block the response to injected epi- 
nephnne (295) 

The ergot alkaloids, particularly the dihydro compoimds, markedly increase 
the lethal dose of intravenously administered epmephnne (351) Ergotamine 
also reduces the amplitude and increases the rate of ureteral pcnstalsis tn vivo 
(148) This effect could be due either to a blockade of adrenergic stimuli or to a 
direct musculotropic effect of the ergotaimne (247) No effort was made to 
distinguish between these possibilities 

Jang (204) has pointed out that small doses of ergotoxine sensitize the vessels 
of the rabbit’s ear to epmephnne and the smooth muscle of the cat’s nictitating 
membrane to sympathetic nerve stimulation He emphasized the structural 
similanty between ergotoxine and cocaine and suggested a common mode of 
action However, the functional significance of this comparison may be ques- 
tioned on the basis that yohimbine, phcno\-yeth 3 darmnes, benzodioxones and 
other agents can produce similar sensitization 

Potentiation of pressor responses to s 3 nnpathomimetic agents by the ergot 
alkaloids is enhanced by conditions which reduce their adrenergic blocking effec- 
tiveness (189) Such sensitization is particularly evident m the presence of 
barbiturate anesthesia which has long been known to inhibit the adrenergic 
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blocking action of the ergot alkaloids (see 66) It has been reported (224) that 
dihydroergotamine, in contrast to ergotamine, is effective in the presence of 
barbiturate anesthesia However, the relative reduction in potency in the 
presence of pentobarbital as compared to urethane anesthesia appears to be 
roughly the same for a number of natural and hydrogenated alkaloids (295) 
The blockade produced by dihydroergotamme m the presence of pentobarbital 
anesthesia thus appears to be merely one expression of the mcrease m potency 
induced by hydrogenation 

It has been known for many years (321) that the ergot alkaloids may alter 
from depressor to pressor the response to ammes such as N-ethyl- and N-iso- 
propyl-norepinephrme and 3,4-dihydroxyephednne, recent interest m Isuprel 
(N-isopropyl-norepmephnne) has led to a number of confirmatory studies (169, 
217, 295) The ongmal explanation for this phenomenon which postulated a 
greater blockade of inhibitory than of excitatory vascular responses by ergot 
now appears untenable The pressor response to depressor amines in the pres- 
ence of an ergot alkaloid is definitely sympathomimetic m nature because it is 
reversed by the benzodioxanes and yohimbme and potentiated by cocaine (170) 
Little else is known regarding its characteristics Among the vanous natural 
and dihydrogenated alkaloids, “depressor reversal” potency is not parallel to 
adrenergic blocking potency (169, 295) Postenor pitmtaiy produces a sunilar 
reversal (171) 

2 Cardiac responses Dale (86) noted that the ergot alkaloids failed sigmfi- 
cantly to alter responses of the mammahan myocardium to adrenergic stimuli 
and this observation has been confirmed by many workers Dihydroergotamme 
(349) and other dihydro ergot alkaloids (348, 351 ) also fail to affect adreneigic 
chronotropic and inotropic cardiac responses m mammals, even when employed 
in massive doses In view of the consistent results of well-controlled animal 
expenments the apparent inhibition of epinephrme tachycardia in a few patients 
by dihydroergokryptine (121) must be attnbuted to extraneous factors, perhaps 
the antagomstic effect of central vagal activation It has been known for many 
years that the ergot alkaloids produce a marked cardiac slowmg which is due to 
central vagal stimulation , the bradycardia persists after sympathectomy but not 
after vagotomy (273, 339) Cardiac slowmg probably on the same basis, has 
been noted in almost all studies on the dihydro alkaloids 

In contrast to their lack of effect on responses of the mammahan heart to 
adrenergic stimuli, the ergot alkaloids inhibit and even reverse the action of 
epinephrine on the frog heart (14, 295, 343) Changes in the ionic composition 
of the perfusion fluid readily alter this antagonism (222), a fact which may ex- 
plain the failure of some workers to observe it (24, 154) Dihydroergotamme is 
slightly and dihydroergocomme is considerably more potent than ergotamine m 
inhibiting the chronotropic response of the isolated frog heart to epinephrine 
(295) Negative results obtained m experiments employing dihydroergotamme 
m a single concentration (39) are of questionable significance 

3 “Inhililory" responses Dihydro derivatives of the ergot alkaloids antag- 
onize the inhibitory response of the isolated rabbit mtestme to epinephrme (351) 
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m niucli the same ^vay that ergotainme aud eigotovine antagonize mhibitory 
responses (277, 308, 343, 344, 396) However, some workers have concluded 
that the ergot alkaloids do not produce a specific blockade of adrenergic in- 
hibitory responses This conclusion is based particularly upon the failure of 
these agents to block adrenergic mhibitory responses of the uten of various 
species, particularly that of the non-pregnant cat (205, 344), and of the vascular 
musculature (8G, 213) A report of inhibition of epinephnne-mduced uterine 
relavation by dihydroergotamme (39) is mconclusive Only one dose of the 
bloclong agent was employed and this simultaneously ehrmnated responses to 
histamine, ergonovme and ergotamine The report fails to record the species 
employed The dihydro derivatives as well as the parent alkaloids fail to block 
inhibitory vascular responses (349) Blockade of vasodepiessor reflexes (343) 
does not constitute evidence of an autagomsm of adrenergic inhibitory responses 
because of the Itnoira central depression of vasomotor reflexes by the ergot 
alkaloids (see II, D-2) 

Intestine represents a much less suitable test object than vascular and uterme 
smooth muscle upon which to study adrenergic inhibitory responses The 
abundance of intramural parasympathetic ganglia m the intestine and the knoivn 
effect of the ergot alkaloids in potentiatmg cholmergic responses (86, 188, 237, 

342) make it impossible to attnbute alterations of epinephnne-mduced intestinal 
relaxation to specific adrenergic blockade Even the uten of certam species, 
e g , guinea pig (7), show an apparent inhibition and reversal of epmepbrme 
relaxation in the presence of esenne, t e , after the potentiation of cholineigic 
effects Ergotamme defimtely enhances the motihty of the mtact mtestme (6, 
356, 405) Houever, doses which alone are completely meffective markedly 
potentiate the action of neostigmme (6), cocaine fads to inhibit motihty under 
conditions where ergotamme produces a significant stimulant efi'ect (405) and the 
response to ergotamme is blocked by atropme (356) Blockade of epmephrme- 
mduced inhibition of the rabbit mtestme and of epmephnne-mduced contraction 
of the rabbit uterus is accomphshed with essentially the same concentrations of 
the ergot alkaloids, but adequate data have not been presented to mdicate that 
the potency ratios of the vanous alkaloids and their dihydro denvatives are the 
same when tested against excitatory and mhibitoiy responses Much more 
expenmental work \vill be necessary before it can be stated with any assurance 
that antagomsm to mhibitory responses by ergot alkaloids represents a specific 
adrenergic blockade 

4 Meiabohc responses The ergot alkaloids block epmephnne-mduced 
hypeiglycenua more effectively than do other adrenergic blockmg agents (see 

343) Dihydro denvatives of members of the ergotoxme group also block tins 
lesponse (121, 330, 351), but the potency of this effect is not parallel to ad- 
reuei-gio blockmg potency as determmed by other tests (351) One report indi- 
cates that dihydroergotamme may be tivice as efi'ective as eigotamine in blocking 
the glycemic response to epmephnne in humans (378) It has been reported 
that adrcnergically inactive ergonovme fails to block and may actually enliaiice 
the glycemic response to epmephnne (347), but the doses used were not specified 
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Ergonovine m doses of 3 0 mgm /kgm subcutaneously provides effective block- 
ade of the glycemic response to epinephrine in rabbits (300) The spccificitj’’ 
and mechanism of the ergot blockade of the glyceimc response to epinephnne are 
questioned by the activity of ergonovine, and by the fact that postenor pituitary 
causes a comparable reduction in the glycemic response to epinephrme, an effect 
which IS additive vath that of ergotoxme (228) As in the case of blockade of 
inhibitory adrenergic responses, the available evidence is not adequate to allow a 
definite statement that inhibition of epmephnne-mduced glycemia is due to a 
specific adrenergic blockade comparable to that produced m smooth muscle 

D Adions other than adrenergic blockade 

1 Smooth miude One of the most characteristic effects of the ergot alkaloids 
IS a direct stimulation of smooth muscle m many organs (86) This effect was 
known long before the demonstration of adrenergic blockade by these agents 
(20, 21) and under most conditions it occurs with smaller doses of the natural 
ergot alkaloids than are requued to produce adrenergic blockade In the case 
of ergot alkaloids lacking a peptide substituent, utenne stimulation is prominent 
m the complete absence of adrenergic blockmg activity (see II, A) It has 
been suggested that the stimulation of smooth muscle by the ergot alkaloids 
IS “sympathomimetic" m nature, but the fact that it is unaltered by Dibenamine 
(31, 217, 295) IS strong evidence against this mterpretation 

Hydrogenation produces a marked reduction in the utenne stimulant action of 
all the ergot alkaloids studied The dihydrogenated alkaloids not only fail to 
cause contraction of rabbit or gmnea pig uten in vitro (305, 348, 350, 351) oi 
induce labor m pregnant rats (305), but also tend to diminish utenne tone and 
activity and to inhibit the excitant effects of ergotamme and ergonovine on the 
uterus (348, 350, 351) Inhibition of the stimulant effect of the natural alkaloids 
may be related to the previously observed block by ergotamme of its oivn vaso- 
constnctor action (24, 237) The mechanism of this effect has not been studied, 
but it probably does not constitute proof of the “sympathomimetic” nature of 
smooth muscle stimulation by this agent Hydrogenation may not completelj' 
eliminate oxytocic action, for the mduction of labor pains in a pregnant woman 
given dihydroergotamine for nugrame has been reported (398) 

Hydrogenation also reduces but does not eliminate the vasoconstnctor actions 
of the ergot alkaloids, as measured by their pressor action m pithed cats (350, 
351) Although dihydroergotamme is less vasospastic than the parent alkaloid 
it retains considerable constrictor activity m man (37, 38) Dihydroergocomme 
fails to evoke detectable vasoconstnction m anesthetized dogs (211) and plethye- 
mographic studies (34, 37, 38) mdicate that it has little or no direct vasocon- 
strictor action in unanesthetized man Only m the pithed cat may a residual 
vasoconstnctor action of dihydroergocomme be detected (351) Elimination of 
the prominent vasospastic action charactenstic of the natural ergot alkaloids 
may provide an opportumty to explain certain discrepancies between the actions 
of different groups of adrenergic blockmg agents, e g , the greater inhibition of 
the vasopressor action of nicotine by ei^otamme (86, 173) than by Dibenamine 
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(408), 883F, 933F and yohimbine (174, 407) This difference may be unrelated 
to vanations m adrenergic blocking activity and may depend upon differences 
in the peripheral action of nicotine upon relaxed (after Dibenamine) as compared 
to constricted (after ergotamine) vessels 
Production of cyanosis and gangrene m the rat’s tail or cock’s comb is a 
prominent response to the natural ergot alkaloids, and the production of cyanosis 
in the cock’s comb was for many years the official assay method for extract of 
ergot (see U S P XII) The early development of a transient cyanosis is prob- 
ably largely due to a direct vasoconstnctoi action, but the basis for the late 
development of “thromboangiitis” and gangrene (242, 425) is not clear It is 
not necessanly related to the extent of the imtial cyanosis (see II, A) Although 
thrombosis is characteristic of the pathological picture in ergot gangrene, it is 
apparently of limited etiological significance because the incidence of gangrene 
IS completely unaltered by hepann and dicoumarol (16) Hyperthyroidism 
definitely sensitizes rats and probably also human bemgs to the production of 
ergot gangrene (150) It is not clear why gangrene may develop several days 
after a single injection of ergot although the alkaloids appear to be destroyed 
very rapidly (223, 352) Dihydroergotamme has very much less tendency than 
ergotamine to produce gangrene (305), and the other hydrogenated alkaloids 
appear to have so httle direct effect on the penpheral vascular system that 
thorough tests of their ability to produce gangrene have not been undertaken 

It IS well established that ergotamine may act as a direct coronary vaso- 
constnctor (213) It hastens the development of pain in patients with angma 
pectons breathmg an atmosphere low in oxygen (138) and may even cause 
anginal pain in susceptible patients at rest (398) The report of an mcreased 
coionary blood flow induced m man by dihydroergotamme (377) is based only 
upon electrocardiographic changes No pharmacological or physiological basis 
for such an action is apparent, and m view of the many other direct and indirect 
cardiac effects of the ergot alkaloids (see II, C-2, D-2 and VII, E), alterations 
in the electrocardiogram appear to provide an madequate basis for adducmg 
clianges m coronary blood flow More reliable testmg methods indicate that 
ergotamine and dihydroergotanune increase cerebral blood flow in the absence 
of changes in systemic arterial pressure (3), but an evaluation of this effect must 
await a full report of the observations It is possible that this effect on cerebral 
blood flow IS involved m the reported protection against anoxia afforded by 
ergotamine (106) However, adrenergic blockade per se does not provide pro- 
tection against anoxia, Dibenamme has been reported even to produce sensiti- 
zation (101) 

The ergot alkaloids cause mydriasis m rodents, m both sympathetically de- 
nervated and normal eyes (98), imdoubtedly as a result of direct smooth muscle 
stimulation (22) The reaction has been well quantitated for ergotoxine and 
ergonovine (26), and similar tests on the dihydro alkaloids would be of con- 
siderable interest In the cat, miosis is produced by ergotamine and ergotoxine 
(86 426), largely on the basis of a direct stimulation of the ins sphmcter (426) 

In this iLse inhibition of sympathetic dilatoi tone may also bo involved but 
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appears to be insignificant The species differences m response of the ins to 
ergot alkaloids may be due to differences m the relative strengths of the dilator 
and constnctor muscles The report that ergonovine produces mydriasis rather 
than miosis in the cat (345) unfortunately does not mclude expenmental data 
upon which an evaluation of this unexpected result might be based However, 
the evidence of hypothalamic stimulation seen with toxic doses of ergonovme 
(347) may provide a clue to the mechanism of this response 
ITie action of the ergot alkaloids in producmg perforating gastnc ulcers after 
both oral and intravenous admimstration (342, 347) has been inadequately 
studied Vascular spasm and pylorospasm would appear to be possible etiologi- 
cal factors deserving of careful study No theoretical basis for the therapeutic 
administration of ergotamme in peptic ulcer (103) is evident 
2 Central nervous system The effects of ergot alkaloids on the central 
nervous system represent a highly complex mixture of stimulation and depression 
(see 339 for earlier work) Unfortunately, only limited data on the central 
effects of the dihydro alkaloids are now available Their acute intravenous 
toxicity IS significantly reduced as compared to the toxicity of the parent com- 
pounds (305, 350, 351), but the extent to which this is a measure of central 
nervous system action is not clear Somnolence and general sedation are 
prominent among the signs of acute ergot toxicity in monkeys (420), and injec- 
tion of ergotamme base into the third ventncle of cats leads to prolonged, and 
apparently normal sleep (190) The fall m blood pressure regularly noted in 
intact animals after mtravenous administration of the dihydrogenated alkaloids 
has been attnbuted to direct depression of the vasomotor center and stimulation 
of the “vasodepressor” center (351) Ehnunation of this hypotensive effect by 
spinal cord section above Tj (35) provides convmcmg evidence of its central 
ongm A marked bradycardia is also produced by relatively small doses of the 
ergot alkaloids and their dihydro denvatives (36, 38, 121, 342, 348, 350) Er- 
gonovine is about one-half as potent ns ergotamme m producing this response 
(231) This bradycardia is due to a direct stimulation of vagal centers rather 
than to sympathetic blockade, because it persists after high spinal cord section 
(35) or sympathetic denervation of the heart and is abohshed by vagotomy (273, 
339) The central locus and the non-specificity of the depressor effects of the 
ergot alkaloids is well illustrated by the fact that very small doses of ergotoxme 
mjected mtracistemally cause a marked fall in blood pressure and also inhibit 
the pressor response to KCl administered by the same route (107) 

Depressant effects on the central nervous system adequately axplam the fall 
in blood pressure, the orthostatic hypotension and the decreased vasomotor 
reflexes in human subjects given doses of the dihydro ergot denvatives which 
are inadequate to produce adrenergic blockade (36, 37, 38, 121) These obser- 
vations suggest that hydrogenation increases the depressant action of the al- 
kaloids on the central nervous system However, the apparently greater central 
depressant effect of these denvatives, as measured by cardiovascular mdices, 
may merely be due to their mabihty to evoke penpheral vasoconstnction This 
problem would seem to warrant careful investigation by more direct methods 
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than have been employed Ergonovine produces quite siguifacant depression of 
vasomotor and respiratory centers m anesthetized anunals, although it ehcits 
an increase in pressure (347) 

It has been reported (350) that hydrogenation reduces the ability of the ergot 
alkaloids to depress the respiratory center, but that it does not alter their vaso- 
motor depressant action It is unfortunate that this report does not include or 
refer to data regarding the extent and sigmficance of this differential effect Di- 
hydroergotamme and dihydroergocormne produce less respiratory depression in 
anesthetized dogs than does ergotamine (211) However, all of the denved 
alkaloids, in the doses reqmred to block responses to sympathetic nerve stimu- 
lation do produce marked respiratory depression m anesthetized cats (295) 

Ergotoxine produces a marked stimulation of somatic motor neurones (339), 
but the extent to which this action is shared by the dihydro alkaloids has not 
been determmed Reports that dihydroergotamine is 6 to 8 times less emetic 
than ergotarmne (348, 350) do not appear to have been substantiated The 
ratio has smce been observed to be about 1 2 in puppies (305) and not greater 
than 12m patients with migraine (398) Other dihydro denvatives also appear 
to have a strong emetic action m man (34, 36, 37, 121, 167), as httle as 0 3 mgm 
of dihydroergocormne may produce vomitmg (34, 36) A report of antagonism 
to apomorphine emesis in dogs by supra-emetic doses of dihydroergotamine is 
mcomplete (224), but this antagonism appears to be due to brain-stem depres- 
sion, ergotamine produces an exactly comparable effect (73) Ergotamine raises 
the electroshock seizure threshold in rabbits (162), an action which is obviously 
not due to adrenergic blockade because ergonovine has an equal effect 

The ergot alkaloids rather specifically depress certam centers m the bram stem 
The effects of COj on blood pressure and respiration are readily inhibited, ap- 
parently by decreasing the responsiveness of medullary centers to direct stimu- 
lation by CO 2 (235) Depression of the response to COt occurs with doses of 
ergotamme which do not mhibit chemoreceptcr reflexes or prevent the vascular 
effects of epmephnne or splanchmc nerve stimulation Dihydroergotamine 
appears to be somewhat less effective than ergotamine m reducing medullary 
sensitivity to COi (110, 350) Other dihydro ergot alkaloids have not been tested 
for this action 

Ergot alkaloids also inhibit vascular responses to carotid baroreceptor (110, 
111, 112) and chemoreceptor (137, 252) reflexes in doses which do not signifi- 
cantly alter vascular responses to injected epmephnne or diiect splanchnic nerve 
stimulation Dihydroergotamme appears to be about as effective as ergotamme 
in this respect, although it has been stated without the presentation of sub- 
stantiatmg data, that dihydroergotanune and dihydroergocormne produce some- 
what less depression of carotid smus reflexes than does ergotamme (350) The 
complete diiociation of this inhibition of vasomotor reflexes on the basis of 
brain-stem depression from adrenergic blockade is emphasized by the fact that 
adrenergically inactive ergonovme is about one-half as potent as ergotamine in 
depressing responses to carotid sinus nerve stimulation (347) 

Electncal recording from the splanchnic nerves has mdicated that the flow of 
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unpulseb induced by carotid chcmoreceptor stimulation is increased rather than 
decreased b}' crgotamine (137) This observation is difficult to interpret, but it 
does not appear to be evidence for a pnman! 3 f penpheral site of action of the ergot 
alkaloids in altenng cardiovascular refleves The frequently observed inhibition 
of reflex cardiovascular responses bj' the dihydro ergot alkaloids in man (see VII, 
A, D-3, E) IS undoubtedly due to the central nervous S 3 Ktem effects descnbed 
above and not to a "sjunpatholytic” action as is so frequentlj' stated 
' An increased body temperature evoked by the administration of relatively 
pure ergot alkaloid preparations was noted early m the study of these com- 
pounds (see 22) This effect is probably unrelated to adrenergic blockade be- 
cause it IS also produced by adrenergically inactive ergonovnne (26, SI, 345) and 
Metherguie (218) It has reientl}’’ been reported (348, 350, 351) that ergotamine 
and ergocnstme cause hyperthermia while their dihydro denvatives produce 
hypothemua However, the specificitj' of these differences in action is ques- 
boned by experiments which indicate that ergotoxine produces a non-specific 
impairment of temperature regulation m rats, wuth hxqierthermia observed at 
environmental temperatures above 28°C and hypothermia at low temperatures 
(56) Impaired temperature regulation after ergotanune was previously ob- 
Berved m cats (359) The absence of a specific effect of the ergot alkaloids on 
heat production or dissipat'on is suggested also by the obsen-atiou that neither 
ergotanune nor dihydroergotamine sigmficantly alters the hyperthermic response 
to dinitrophenol (127) Lack of adequate control of ambient temperature maj’’ 
be responsible for many of the divergent results which appear m the bteraturc 
on this subject 

S MisceHaneoxia ejects The reported diuretic and antidiuretic properties 
of several ergot alkaloids (434, 435, 436) have not been re-evaluated with modem 
clearance techmques, and the alleged differences between various ergot prepara- 
tions are mexphcable on the basis of published data Ergotanune and dihjffiro- 
ergotairune inhibit both the mtemal and external secretions of the pancreas (149) 
The secretory response to secretm, but not that to epmine is inhibited The 
reported mhibition of the bronchoconstnetor response to acetylchohne in the 
guinea pig by ergotoxme (182) is difficult to mterpret, particularly because there 
13 evidence (see II, C-3) that the ergot alkaloids potentiate many responses to 
acetylchohne and vagal stimulation 

E Fale and excretion Attempts to elucidate the fate and excretion of the 
Ergot alkaloids by the use of sensitive biological tests (adrenergic blockmg action 
on the rabbit uterus or gumea pig seimnal vesicle) (352) have provided primarily 
negative information Urinary excretion is msignificant Parenchymatous 
organs (particularly the hver) apparently contam larger concentrations of alka- 
loid than does the circulatmg blood However, tests earned out at mtervals 
between 5 and 60 rmnutes after mtravenous mjection were never capable of 
detecting a total of more than 5% of the a dmi nistered alkaloid Penetration 
of significant amounts of the alkaloids mto bram and cerebrospmal fluid could 
not be demonstrated Studies of ergot metabolism m which a colonmetnc assay 
was employ provided somewhat higher recovenes in several organs (223), and 
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than have been employed Ergonovme produces quite significant depressioD of 
vasomotor and respiratory centers in anesthetized animals, although it elicits 
an increase in pressure (347) 

It has been reported (350) that hydrogenation reduces the ability of the ergot 
alkaloids to depress the respiratory center, but that it does not alter their vaso- 
motor depressant action It is unfortunate that this report does not include or 
refer to data regarding the extent and significance of this differential effect Di- 
hydroergotamine and dihydroergocormne produce less respun,tory depression m 
anesthetized dogs than does ergotamine (211) However, all of the denvcd 
alkaloids, in the doses reqmred to block responses to sympathetic nerve stimu- 
lation do produce marked respiratory depression m anesthetized cats (295) 

Ergotoxme produces a marked stimulation of somatic motor neurones (339), 
but the extent to which this action is shared by the dihydro alkaloids has not 
been determined Reports that dihydroergotamme is 6 to 8 times less emetic 
than ergotamine (348, 350) do not appear to have been substantiated The 
ratio has smce been observed to be about 1 2 in puppies (306) and not greater 
than 12m patients with migraine (398) Other dihydro denvatives also appear 
to have a strong emetic action in man ( 34 , 36 , 37 , 121 , 167 ), as httle as 0 3 mgm 
of dihydroergocormne may produce vomiting (34, 3G) A report of antagonism 
to apomorphine emesis m dogs by supra-emetic doses of dihydroergotaraine is 
incomplete (224), but this antagonism appears to be due to brain-stem depres- 
sion , ergotamine produces an exactly comparable effect (73) Ergotamine raises 
the electroshock seizure threshold in rabbits (IG2), an action which is obviously 
not due to adrenergic blockade because ergonovme has an equal effect 

The ergot alkaloids rather specifically depress certain centers in the brain stem 
The effects of COj on blood pressure and respiration are readily inhibited, ap- 
parently by decreasmg the responsiveness of medullary centers to direct stimu- 
lation by COs (235) Depression of the response to COi occurs with doses of 
ergotamine which do not inhibit chemoreceptor reflexes or prevent the vascular 
effects of epmephnne or splanchmc nerve stimulation Dihydroergotamme 
appears to be someAvhat less effective than ergotamine m reducmg medullary 
sensitivity to COj (110, 350) Other dihydro ergot alkaloids have not been tested 
for this action 

Ergot alkaloids also inhibit vascular responses to carotid baroreceptor (110, 
111, 112) and chemoreceptor (137, 252) reflexes in doses which do not signifi- 
cantly alter vascular responses to injected epmephnne or direct splanchnic nerve 
stimulation Dihydroergotamme appears to be about as effective as ergotamine 
in this respect, although it has been stated without the presentation of sub- 
stantiatmg data, that dihydroergotamme and dihydroergocormne produce some- 
what less depression of carotid smus reflexes than does ergotamine (350) The 
complete dissociation of this inhibition of vasomotor reflexes on the basis of 
bram-stem depression from adrenergic blockade is emphasized by the fact that 
adrenergically mactive ergonovme is about one-half as potent as ergotamine m 
depressmg responses to carotid smus nerve stimulation (347) 

Electncal recording from the splanchmc nerves has uidicated that the flow of 
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convincmg e\adeDce against such an effect Vasodilatation caused by a single 
injection of Pnscol in the presence of an epinephrine perfusion (266) or infusion 
(276) is very transient 

Pnscol inhibition of the pressor response to both epinephrine and electncal 
stimulation of the splanchnic nerves m cats has recently been studied quantita- 
tively (71) It was found that distmctly higher doses of the blockmg agent are 
required to inhibit responses to nerve activity than to block those to circulating 
epmephnne, a relationship also observed in dogs (185, 187) A similar differ- 
ential was noted m the inhibition of salivary secretion It has also been demon- 
strated that larger doses of Pnscol are required to inhibit responses to pressor 
reflexes than to block pressor responses to epmephrme (187, 254) Epmephnne- 
mduced contractions of the rabbit uterus in mtro and the pregnant dog uterus 
in stlu are also readily inhibited and reversed (11) 

Mydriasis in response to cervical sympathetic nerve stimulation is unaltered 
and that to injected epmephnne is only shghtly reduced by Pnscol (71, 187) 
Epmephnne-mduced contraction of ms muscles in mtro is also resistant to Pnscol 
blockade (140) In intact animals (140, 187) and man (151) mydnasis rather 
than miosis may be produced, an effect which has been attnbuted to inhibition 
of the response of the ms sphmcter to normally prevalent cholmergic stimuli 
(140) A chohnergic blockmg action is also impbed m the reported inhibition 
of the vasodepressor response to stimulation of the penpheral end of the severed 
vagus (255) These observations are at vanance with reports of potentiation by 
Pnscol of cholmergic responses of other organs (145), and require confirmation 

The observation that Pnscol transforms epmephnne vasodilatation m the 
femoral and mesentenc circulations to vasoconstnction (260) has not been re- 
peated or adequately explamed Other workers (145) have noted the expected 
change m response to epmephnne from vasoconstnction to vasodilatation after 
treatment with Pnscol A more active congener of Pnscol (see III, C) also 
fails to alter the response to epmephnne from dilator to constnctor m any 
vascular bed (263) 

Orally admmistered Pnscol effectively protects mice against epmephrme 
toxicity (240) This action probably depends upon both the adrenergic blockmg 
and the direct vasodilatmg actions of Pnscol The drug also transforms epmeph- 
rme apnea to hyperpnea (185) The basis for this action is not clear, but it is 
not dependent on inhibition of the pressor response to epmephnne because it is 
evident after denervation of the baroreceptor areas Pnscol does not alter the 
hyperglycemic action of epmephrme and the drug itself produces an mcrease m 
blood glucose (187) 

In contrast to the j3-haloalkylammes, Pnscol has a relatively short duration 
of action (70, 217, 295) and a limited effectiveness against responses to large 
doses of epmephnne (145, 295, 298) An “equihbnum” type blockade appears 
to be mvolved m the Pnscol inhibition of responses to epmephnne (145, 295) 
and to a large senes of other sympathomimetic ammes (11) In this respect the 
mudazolmcs are comparable to the benzodioxane blockmg agents rather thnn 
to the /S-haloalkylamines 
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demonstrated that ehloroform or phosphorus liver damage, but not bilateral 
nephrectomy sigmficantly slows destruction of the alkaloids Inasmuch as the 
color test employed is specific for the 2-UDSubstituted mdol group of the lysergic 
acid nucleus, these results indicate that the nucleus itself is rapidly degraded 
in the body 


m IMIDAZOLINES 

The pharmacologj' of Pnscol (2-benzyl-2-imidazoline) was first reported by 
Hartmann and Isler in 1939 (164) who found it to be the most active depressor 
agent in a large senes of 2-substituted imidazolmes They did not, however, 
demonstrate adrenergic blockade and compared the actions of Pnscol with 
those of histamine, a comparison probably suggested by the common imidazole 
radical Meier and Mflher (262) made similar observations, and also noted a 
number of parasympathomimetic actions They reported that Pnscol did not 
effectively antagomze epmephrme vasoconstriction in the perfused rabbit ear, 
or prevent the pressor response to epmephrme unless the two were admmistered 
simultaneously 


A Adrenergic hlockmg aclton 

1 “Excitatory" responses The first recogmtion of the adrenergic blocking 
action of Pnscol appears m the work of Schnetz and Fluch (363), who observed 
that it blocks the vasoconstnctoi action of epmephrme m the LSwen-Trendelen- 
burg frog-leg perfusion preparation Meyer (266) and Meier and Meyer (201) 
later observed that Pnscol produces marked vasodilatation, not blocked by 
atropme, m the isolated rabbit limb perfused with epmephrme, and Hermann 
and coworkers (185) noted that Pnscol mhibits and occasionally even reverses 
the pressor response to stimulation of the penpheral stump of the severed splanch- 
nic nerves 

The adrenergic blocking action of Pnscol has been studied on many test 
objects Inhibition of epinephnne vasoconstnction m discrete vascular beds or 
in intact ammals has been demonstrated by numerous investigators (11, 71, 145, 
164, 226, 261, 276, 363), but m many reports on the depressor and vasodilator 
actions no real attempt was made to distmgmsh between the effects of adrenergic 
blockade and direct vasodilatation The locus of Pnscol vasodilatation, both 
direct and secondary to adrenergic blockade, is largely penpheral Vasodilata- 
tion occurs after local application (140, 164, 262, 363, 412), iontophoresis (412) 
and mtra-artenal injection or perfusion (11, 262, 266) It has also been sug- 
gested (262) that a medullo-spmal vasodilating mechanism is involved, but con- 
vincing proof of this contention has not been presented An important direct 
action of Pnscol on penpheral vessels (see also III, B-1, B-3, VII-A) is suggested 
by the fact that it causes vasodilatation m some previously sympathectomized 
hmbs (151, 236), induces coronary dilatation (11) and evokes penpheral vasodila- 
tation in doses which do not mhibit responses to even small amounts of mjected 
epmephnne (184) Failure to demonstrate direct vasodilatation in perfused 
hmbs m vhich the vessels are probably already maximally dilated (266) is not 
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methyl)imidazohue (123)) or &ynipathomimetic (Pnvme, 2-napthylmeth3''l- 
imidazolme (82) and Otnnne, 2-phenylanunomethyliinadazoline (309)) Under 
appropnate conditions large doses of Pnvme ma}'' exhibit adrenergic blocking 
activity by reversmg the pressor response to epinephrine (105, 260) N-racth}'!- 
substitution of Pnscol endows it with pressor properties (145, 164) which are 
secondary to a nicotinic action on sj^mpathetic ganglia (145) Actions of Pnscol 
other than adrenergic blockade are particularly well illustrated in the observa- 
tions of Ahlquist and coworkers (11) 

1 Sympalhomtmeltc (effects Several properties of Pnscol have been de- 
scribed as sympathomimetic This agent ehcits a tachycardia and increased 
stroke volume m mtact dogs (25, 298) and tachycardia, coronary dilatation and 
increased cardiac output m isolated mammalian hearts (11, 23, 145, 333) 
Pnscol-mduced cardiac stimulation has also been reported with therapeutic 
doses in man (11, 184, 276), although other workers (151) have obseiw^ed only 
minimal tachycardia with tolerated doses Tachycardia is a prominent sign of 
Pnscol toxicity m man (272) Reasons for the failure of earlier workers to 
demonstrate significant coronary dilatation and myocardial stimulation m iso- 
lated mammahan hearts (262) and heart-lung preparations (166) are not ap- 
parent, although recent obserrmtions (145) mdicate that some species differences 
may ha\e been mvolved Stimulation of the isolated guinea pig heart is such a 
sensitive test for Pnscol that it has been employed as an assay m expenments 
designed to detemune the fate of this agent in the body (333) Pnscol is less 
effective in stimulating the frog heart and higher concentrations depress it (25, 
164, 276, 295) 

In dogs the net cardiovascular response to Pnscol may actually be an increase 
in systemic artenal pressure (11, 185, 254, 262), probably because of dominance 
of an increased cardiac output (frequently more than doubled by moderate 
doses) over the penpheral vasodilatation (11) Therapeutic doses of Pnscol 
also have been noted to cause an alarmmg hypertension in man (28), probably 
on the same basis Increased penpheral resistance is probably not a significant 
factor in the hypertensive action of Pnscol m the dog, although it may occur in 
the rabbit (11) (see III, B-3) 

Pnscol potentiates the myocardial stimulation and coronarj’’ dilatation caused 
by epmephnne (11) It may also produce transient relaxation of the gastro- 
mtestinal musculature (11) Whether the pilomotor response to Pnscol which 
IS prominent m both animals (262, 276) and man (52, 151, 184, 427), is direct or 
reflex m nature cannot be stated on the basis of the published data 

E\ idenco for the sjunpathonumctic nature of the above enumerated effects of 
Pnscol is largclj' indirect and negative In general, mclusion m this category 
has been based upon the similanty of the responses to those evoked by epmeph- 
nne, and upon the failure of atropine to block them 

£ Parasympathomimclxc effects Pnscol ma}' be compared chenucally to 
pilocarpine on the basis of the imidazole grouping, and this radical may be im- 
portant for its parasj'mpathormmctic properties Parasj mpathomimetic actions 
of Pnscol include cardiac slowing (obsened only in rabbits (11)) and stimulation 
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2 Cardiac responses The effects of epinephrine on the mammalian heart 
either isolated or tn situ are not inhibited by Pnscol (11, 145, 259, 298) No 
explanation for a report of reversal of the cardiac response to stellate ganglion 
stimulation (313) is available, but the observation probably depends on technical 
factors (see I, A-4) because nitroglycerm and papavenne also produced apparent 
adrenergic blockade in these evpenments Pnscol potentiates the myocardial 
stimulation and coronary dilatation evoked by epinephnne (11) In contrast to 
members of several other senes of adrenergic blocking agents Pnscol does not 
effectnely antagonize the response of the frog heart to epinephnne (276, 295). 

AltJiough Pnscol does not inhibit epinephnne-induccd tachycardia in dogs, it 
does provide marked protection against cyclopropane-epinephnne cardiac ar- 
rhythmias (298) The protection is essentially the same as that observed ivith 
Dibenamine when small challenge doses of epmephnne are employed, but larger 
doses of epmephnne overcome the Pnscol protection ahereas the Dibenamine 
protection remains essentially complete Larger doses of Pnscol are required 
to protect against epmephnne-induced cardiac arrhythmias than to inhibit the 
epmephnne pressor response 

3 '■'Inhibitory" responses Inhibitoiy responaes (non-pregaant cat uterus, 
dog, cat, gumea pig and rat intestine) to epinephnne are not blocked by Pnscol 
(11, 187, 276) The agent appears to inhibit slightly the epmephrme-mduced 
relaxation of some rabbit ileum preparations, and of the cat mtestme in mo 
(145) and in intro (276) However, on the rabbit ileum this antagomsm is very 
irregular and no greater than that exerted by ephednne and Neo-Synephnne 
Inhibition of epmephnne-induced relaxation of the cat intestine in intro requires 
extremely high doses Responses to vasodepressor amines are not altered by 
Pnscol (11, 295) 

4 Specxficiiy Pnscol does not mhibit the pressor response to posterior 
pitmtary, renm or angiotonin (11, 71) Histamme vasoconstnction m the per- 
fused rabbit limb is not altered by doses of Pnscol which inhibit the response to 
epinephnne, and the vasoconstnetor effect of BaClj may actually be enhanced 
(266) However, high concentrations of Pnscol can prevent histamme vaso- 
constnction in the perfused rabbit ear (145) This action is not surpnsmg vhen 
one considers the close relationship of Pnscol to the active antihistaminic 
Antistme 


B Actions other than adrenergic blockade 

In addition to their adrenergic blookmg action, the imidazolme blockmg 
agents appear to have some direct effect upon almost every organ in the body 
Tliese effects are highly vaned, they have been assigned to categories such as 
“sympathomimetic” and “parasympathomimetic” by vanous mvestigators pn- 
marily as a matter of convemence Such a classification should not carry im- 
phcations regardmg the mtimate mode of action involved 
The lack of specificity of the mudazohne adrenergic blocking agents is not 
surpnsmg since only slight changes in structure produce compounds with actions 
which are predominately antihistaminic (Antistme, 2-(N-benzylaniIinomethyl- 
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renergic blockade produced appears to be quite similar to that of Pnscol in that 
it IS not effective against large doses of epmephnne and its duration is relatively 
short (295) Metabolic responses to epmephnne are not blocked by #7337, 
and limited studies have not demonstrated antagonism of inhibitorj' responses 
Unfortunately, insofar as # 7337 has been studied, it appears to possess only 
slightly greater specificity than Pnscol The direct depressor effect is only 
slightly decreased and appears wnth doses which produce httle alteration of 
carotid sinus pressor reflexes Cardiac stimulation m the dog is only shghtly 
reduced Stimulation of the gumea-pig ileum %n vitro is much less than obsened 
with comparable doses of Pnscol (295), but the mtestine in situ is stimulated 
and diarrhea is prominent after the administration of relatively small doses to 
unanesthetized animals (263) 


rv BENZODIOXANE8 

The past decade has produced few fundamental changes m our understanding 
of the adrenergic blockmg activity of members of the benzodioxane series (see 
47, 407) Coumarane denvatives (see 18, 47, 49) have been studied much less 
thoroughly and have received little recent attention Most of their properties 
are similar to those of the benzodioxanes and they will not be discussed 
separately 


A Adrenergic blocking action 

1 "Excitatory" responses Since the first report of the adrenergic blocking 
action of the benzodioxanes (118, numerous experiments have demonstrated 
blockade of excitatory adrenergic responses of the general circulation, renal 
vascular bed, mctitatmg membrane, ins and certam uteri Some members 
of the senes are effective pnmanly against responses to curculatmg sjunpa- 
thoirumetic agents (933F type) while others are effective agamst responses to 
both circulatmg mediators and sympathetic nerve activity (883F type) (see 
19) However, all combinations of mtensities of these two properties are 
present withm the series (47) Responses to circulatmg mediator (mcludmg 
sympathm (17, 192, 238) and norepmephnne (264)) are always blocked more 
readily than responses to sympathetic nerve stimulation, even m the case of 
the salivary glands where nen’e endmgs are supposed to be extracellular (275) 
Even 933F produces significant blockade of responses to sympathetic nerve 
stimulation (17, 18, 338) and to carotid cardiovascular reflexes (252, 407) 
Conversely, 883F is quite ineffective against the excitatory responses of some 
organs {eg, the ms) to sympathetic nerve stimulation (369) Low concen- 
trations of 933F potentiate the effects of epmephnne and sympathetic nerve 
stimulation on the perfused rabbit ear (204) Here also, higher concentrations 
are required to alter the response to nerve stimulation than that to injected 
epmephnne Efforts to locahze the action of certam benzodioxanes and other 
agents at the cell surface on the basis of quantitative differences m effectiveness 
against responses to circulating mediator and sympathetic nerve activity lack 
conmncing support (see 275, 292) 
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of the intact gastrointestinal tract (11, 145, 184, 276, 428) The responses are 
blocked by atropine, a property which is usually considered to be evidence for 
their cholinergic nature A miotic effect (71) and stunulation of salivary (71, 
187), pancreatic (187) and respiratory tract (298) secretion have also been re- 
ported, but the mfluence of atropine on these effects has not been studied An 
overdose of Pnscol was noted to produce profuse sweatmg in man (272), 

Pnscol evokes submaxiUary secretion by a direct action m the gland cells 
because it is observed even after denervation (187) Pnscol potentiates the 
responses of a number of organs to acetylchohne (145) perhaps through an 
inhibition of cholinesterase (266, 361) 

S Hislamine-like ejects Certain responses to Pnscol have also been at- 
tnbuted to histamine-like properties These include vasoconstnction m the 
rabbit (11, 276), stimulation of the isolated gut not blocked by atropine (11, 
266), stimulation of the uten of dogs, cats, guinea pigs and rabbits in vivo and 
in vtlro (11, 276) and stimulation of the mtestine and nictitatmg membrane 
of the mtact cat (145) Pnscol potentiates the effects of histamine on several 
of these structures Penpheral vasodilatation is prominent (11, 71, 164, 261, 
262), IS not blocked by atropme and appears with doses of the drug which do 
not inhibit the pressor response to small amounts of epmephnne (184) Some 
workers have classified this action as sympathomimetic (11) Pnscol-mduced 
vasoconstnction m the dog spleen and kidney (185, 187) may belong in this 
category, but other workers have failed to confirm these effects (145) No 
attempt has yet been made to employ antihistimimc drugs in analyzmg the above 
“histamine-hke” actions of Pnscol 

Pnscol stimulates gastnc secretion of both acid and pepsm m man and am- 
mals (52, 145, 364, 395) It is only shghtly Jess effective than iustamine, and 
has been substituted for the latter as a test for gastnc secretion m man with 
apparent success (52, 278, 364, 395) 

4 Miscellaneous effeds Pnscol inhibits oxidative metabolism m kidney 
shces and is destroyed by hver shces (23, 333) The pharmacological sigmficance 
of these observations is not clear Pnscol is also an active inhibitor of mono- 
amme and diamme oxidases (361), but this property appears to be unrelated to 
adrenergic blockade The sympathomimetic imidazolines Pnvme and Otnvine 
produce a similar inhibition 

C Other imidazolines with adrenergic blocking activity Although many conj 
genera of Pnscol have been synthesized, the adrenergic blocking properties o. 
only 2 -(N,p-tolyl-N-(m'oxy-phenyl)-aiimiomethyl)-uiudazolme («7337) has re 
ceived detailed attention (263) This agent is more potent than Pnscol m 
blocking the pressor response to epmephnne and the sahvary secretion mduced 
by epmephnne and cervical sympathetic nerve stimulation It is also a very 
effective antagonist of epmephnne-mduced contraction of the gmnea pig seminal 
vesicle in vitro In contrast to Pnscol, 1^7337 blocks mydnasis m response to 
cervical sympathetic stunulation However, large doses are required and this 
effect may only be a reflection of quantitative differences m potency The ad- 



PHARM \COLOrA OF VDRENEKGIC BLOCK-VDl- 


59 


renergic blockade produced appears to be quite similar to that of Pnscol in that 
it IS not effective against large doses of epmephnne and its duration is relatively 
short (295) Metabohc responses to epmephnne are not blocked bj'- #7337, 
and limited studies have not demonstrated antagonism of inhibitory responses 
Unfortunately, insofar as % 7337 has been studied, it appears to possess only 
slightly greater specificity than Pnscol The direct depressor effect is only 
slightly decreased and appears ivith doses which produce httle alteration of 
carotid sinus pressor reflexes Cardiac stimulation m the dog is only slightly 
reduced Stimulation of the gumea-pig ileum xn vitro is much less than obsen^ed 
mth comparable doses of Pnscol (295), but the intestine xn situ is stimulated 
and diarrhea is prominent after the administration of relatively small doses to 
unanesthetized animals (263) 


rv BENZODIOXANES 

The past decade has produced few fundamental changes m our understanding 
of the adrenergic blockmg activity of members of the benzodioxane senes (see 
47, 407) Coumarane derivatives (see 18, 47, 49) have been studied much less 
thoroughly and have received little recent attention Most of their properties 
are similar to those of the benzodioxanes and they will not be discussed 
separately 


A Adrenergic blocking aclton 

1 ''Excitatory” responses Since the first report of the adrenergic blockmg 
action of the benzodioxanes (118, numerous experiments have demonstrated 
blockade of excitatory adrenergic responses of the general circulation, renal 
vascular bed, nictitatmg membrane, ms and certam uteri Some members 
of the senes are effective pnmarily agamst responses to circulatmg sympa- 
thomimetic agents (933F type) while others are effective against responses to 
both circulatmg mediators and sympathetic nerve activity (883F type) (see 
19) However, all combinations of mtensities of these two properties are 
present ivithm the senes (47) Responses to circulatmg mediator (mcludmg 
sympathm (17, 192, 238) and norepmephnne (264)) are always blocked more 
readily than responses to sympathetic nerve stimulation, e\en m the case of 
the salivary glands where nenm endmgs are supposed to be extracellular (275) 
Even 933F produces significant blockade of responses to sympathetic nerve 
stimulation (17, 18, 338) and to carotid cardiovascular reflexes (252, 407) 
Conversely, 883F is quite meffective against the excitatory responses of some 
organs (e g , the ins) to sjunpathetic nerve stimulation (369) Low concen- 
trations of 933F potentiate the effects of epmephnne and sympathetic nerve 
stimulation on the perfused rabbit ear (204) Here also, higher concentrations 
are required to alter the response to nerve stimulation than that to injected 
epmephnne Efforts to localize the action of certain benzodioxanes and other 
agents at the cell surface on the basis of quantitative differences m effectiveness 
agamst responses to circulating mediator and sympathetic nerve actmty lack 
convincing support (see 275, 292) 
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The adrenergic blockade produced by the benzodiovanes is rather weak, in 
that it IS readily overcome by large doses of epinephrme (295) and rapidly dis- 
appears m the presence of a contmuous epmephnne infusion (186) lie l-fonn 
of 883F IS about six tunes as potent m producmg adrenergic blockade, and twice 
as toxic as the d-isomer (46) Other members of the senes have not been 
resolved 

It has recently been reported (240) that orally administered 883F or 933F fails 
to protect against epmephnne toxicity m mice, and 933F was also found to be 
meffective when administered m large doses subcutaneously one hour pnor to 
the epmephrme Inasmuch as 933F provides definite protection m rats when 
a shorter time mterval is employed (312), and m mice (see 47), the only imme- 
diate explanation for the reported negative results appears to be that the am- 
mals were not tested soon enough after administration to detect the rather 
transient blockade produced by these agents Unfortunately, no attempt has 
been made to detenmne the time of peak effect 

Stimulation of the central nervous system by sympathomimetic ammes is not 
blocked by 933F or 883F (78) 

Responses of the isolated frog heart to epmephnne and sympathin are m- 
hibited or reversed by the benzodioxanes (204, 238, 367, 368), although some 
workers (194) have failed to confirm this action Changes m the composition 
of the perfusion medium may greatly modify the abihty of the ergot alkaloids 
to block adrenergic responses of the frog heart (see II, C-2), and it is possible 
that a similar factor may explain the divergent results obtained ivith the benso- 
dioxanes The effects of epmephrme on the mammahan myocardium are not 
specifically inhibited (194, 253, 407) 

Benzodioxane denvatives have been reported in common with ergotamme 
and certam phenoxyethylamines, to prolong sigmficantly the bleeding time, 
presumably by mhibitmg reflex sympathetic vasoconstnction (95) This action 
is not shared by related compounds (such as 933F) which are relatively meffecbve 
in blockmg responses to sympathetic nerve activity The fact that benzodi- 
oxanes fail to alter the hemostatic effect of mjected epmephrme (94) appears to 
be good evidence that an altered conversion of epmephnne or sjmpathm to 
adrenochrome is not mvolved m the prolongation of bleedmg time reported 
above Although 933F has been reported to promote the inactivation of epi- 
nephrme in vtlro (275), there is no evidence that this adrenolytic action is 
mvolved m the production of adrenergic blockade Yohimbme and phenoxy- 
ethylarmnes (which produce an adrenergic blockade very similar to that of the 
benzodioxanes) have been shown not to alter the disappearance of epmephnne 
from the blood stream (63). 

2 “Inhibitory'’ responses Studies of the effect of benzodioxanes on mhib- 
itory responses to adrenergic stimuh have not yielded conclusive results 
Epmephrme-induced coronary artery dilatation is not altered by 933F (213), an 
apparent reduction m epmephnne-mduced coronary arteiy dilatation by 883F 
(89) may be largely a passive effect of inhibition of the pressor response to 
epmephnne, although direct coronary artery constnction by 883F (see IV, B-1) 
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cannot be ruled out as a contnbuting factor It has been observed that 933F 
mhibits epmephnne-induced relaxation of rat and rabbit intestine only in con- 
centrations which also inhibit the myotropic action of BaCli or directly affect 
the tonus of the test object (136, 180, 274) Epmephnne-mduced relaxation 
of the guinea pig intestine may be somewhat more readily inhibited (178, 180), 
but in the required concentrations 933F itself induces a very marked relaxation 
of the test object 

The non-pregnant cat uterus provides a somewhat more reliable test object 
than intestine upon which blockade of adrenergic mhibitory responses may be 
studied The benzodioxanes have never been shown to produce more than 
mmor alterations in the response of this organ to epmephnne (83, 341), and 
some studies have failed to demonstrate any blockade of the epmephnne in- 
hibition (18, 84) Indeed, at times 933F may actually potentiate the epmeph- 
nne-mduced relaxation The benzodioxanes act directly to stimulate the uten 
of several species (18, 83), a property which senously complicates the interpre- 
tation of subsequent responses to epmephnne The evidence for a specific 
blockade of adrenergic inhibitory responses by the benzodioxanes is not con- 
clusive Vanations m ex-penmental conditions as w'ell as m the species and 
organs employed may be involved m the discrepancies reported A compre- 
hensive, well controlled study of the entire problem is needed 

S Specijiaiy Benzodioxanes have been reported not to block pressor re- 
sponses to nicotine, KCl, BaCl;, posterior pituitary and j9-tetrahydronaphthyl- 
amine (see 407) In addition, the pressor response of both normal and renal 
hypertensive dogs to renra is unaltered by 933F (212) Observations indicating a 
reduced response of the nictitating membrane of the cat to acetylcholine KCl, 
and CaCIj after the administration of 933F (340) haAC not been exiilaincd or 
repeated 


B Adims other than adrenergic blockade 

1 Bmooih muscle The benzodioxanes directly stimulate many diflferent types 
of smooth muscle including those of uten, gut, bronchi and nictitatmg membrane 
(18, 47, 83) Coronary vessels are stronglj- constneted (89, 213), and it is im- 
possible to find a theoretical basis for the tnal of 883F m the therapy of angina 
pectons (77) The agents also exert a potent direct constnetor action on pe- 
npheral vessels which is responsible for the pressor effect m dogs after pithing 
(206) or complete spinal anesthesia (208) 

S Cardiac muscle Effects of 883F and other benzodioxanes on the mam- 
malian heart appear to be best explained on the basis of a direct myocardial 
depression (207, 382) , indeed, 933F has been found to be approximately 3 times 
as active a myocardial depressant as qumidmc (92) Isolated cat, rat and 
guinea pig hearts are directl}' depressed by lower concentrations of 933F than 
are required to alter the response to epmephnne (253) Specific blockade of 
adrenergic cardiac acceleration by these agents m mammals is ver 3 '- limited or 
absent Doses of 883F or 933F which revcisc the pressor effects of epmephnne 
in anesthetized animals do not alter epmephnne-mduced tachycardia (407) 
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The adrenergic blockade produced by the benzodioxanes is rather weak, in 
that it IS readily overcome by large doses of epinephrine (295) and rapidly dis- 
appears in the presence of a contmuous epmephnne infusion (186) lie l-fomi 
of 883F IS about six tunes as potent in producmg adrenergic blockade, and twice 
as toxic as the d-isomer (46) Other members of the senes have not been 
resolved 

It has recently been reported (240) that orally admmistered 883F or 933F fails 
to protect against epinephrine toxicity in mice, and 933F was also found to be 
meffective when admmistered m large doses subcutaneously one hour pnor to 
the epmephnne Inasmuch as 933F provides defimte protection m rats when 
a shorter time mterval is employed (312), and m mice (see 47), the only imme- 
diate explanation for the reported negative results appears to be that the ani- 
mals were not tested soon enough after admmistration to detect the rather 
transient blockade produced by these agents Unfortunately, no attempt has 
been made to determine the tune of peak effect 

Stimulation of the central nervous system by sympathomimetic anunes is not 
blocked by 933F or 883F (78) 

Responses of the isolated frog heart to epmephnne and sympathin are m- 
hibited or reversed by the benzodioxanes (204, 238, 367, 368), although some 
workers (194) have failed to confirm this action Changes m the composition 
of the perfusion medium may greatly modify the abihty of the ergot alkaloids 
to block adrenergic responses of the frog heart (see II, C-2), and it is possible 
that a similar factor may explam the divergent results obtamed mth the benzo- 
dioxanes The effects of epmephnne on the mamraahan myocardium are not 
specifically inhibited (194, 253, 407) 

Benzodioxane denvatives have been reported m common with ergotanune 
and certam phenoxyethylammes, to prolong significantly the bleedmg tune, 
presumably by mhibitmg reflex sympathetic vasoconstnction (95) This action 
is not shared by related compounds (such as 933F) which are relatively meffective 
m bloc kin g responses to sympathetic nerve activity The fact that benzodi* 
oxanes fail to alter the hemostatic effect of mjected epmephrme (94) appears to 
be good evidence that an altered conversion of epmephrme or sympathin to 
adrenochrome is not involved m the prolongation of bleedmg tune reported 
above Although 933F has been reported to promote the inactivation of epi- 
nephrme tn miro (275), there is no evidence that this adrenolytic action is 
mvolved m the production of adrenergic blockade Yohunbme and phenoxy- 
ethylammes (which produce an adrenergic blockade very similar to that of the 
benzodioxanes) have been shoivn not to alter the disappearance of epmephrme 
from the blood stream (63) 

S “Inhibitory" responses Studies of the effect of benzodioxanes on mhib- 
itory responses to adrenergic stimuli have not yielded conclusive results 
Epmephnne-mduced coronary artery dilatation is not altered by 933F (213) , an 
apparent reduction m epmephrme-mduced coronary artery dilatation by 883F 
(89) may be largely a passive effect of inhibition of the pressor response to 
epmephnne, although direct coronary artery constnction by 883F (see TV, B-li 
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properties has been reported, and large doscs of 933F may also produce anes- 
thesia (160) 

When apphed loLallj’ the benzodioxanesalso block ganghomc transmission (17) 
Whether this is a true “nicotimc” ganghomc blockade or merely a local anesthetic 
effect (49) is not apparent from the published results 

It IS unfortunate that the central nervous system actions of the benzodiovanes 
have not been studied by more direct neurophysiological technics At the 
present time it is impossible to evaluate clearly the relative contnbutions of 
penpheral adrenergic blockade and central nenmus system stimulation and de- 
pression to the over-all pharmacological properties of members of this senes 

V TOHMBlVE 

Despite the fact that its adrenergic blocking action has been known since 
1925 (314), yohimbme has had only limited use as a laboratoiy tool and has not 
been employed therapeutically as a blockmg agent 

A Adrenergic blocking aclion 

1 "Excitatory'' responses Yohimbme and ethjl-yohimbme block certam re- 
sponses to both circulating epmephnne and sjunpathetic nerve activity, but 
sympathetic blockade is produced only by doses t\\ o to five times greater than 
those required to preient responses to epmephrme (24, 430) Failure of some 
mvestigators to demonstrate blockade of the pressor effects of splanchnic nerve 
stimulation by yohimbme (225) is probably due to the use of madequate doses 
Very lou concentrations of yohimbme sensitize the perfused rabbit’s ear to 
epmephnne (204), an action shared by several other adrenergic blocking agents 
In the cat, pressor responses and salivary secretion are more readily mhibited 
than ocular smooth muscle responses (430), a fact uhich may largely explam the 
lack of “sympatholj'tic” activity reported on the basis of tests on the mctitatmg 
membrane and ins (17, 369) Yohimbme adrenergic blockade has also been 
demonstrated on ocular smooth muscles, arterial stnps and rabbit uten tn 
vitro (69, 198, 355) Orallj admimstered yohimbme provides significant, but 
not marked, protection against the lethal effects of epmephnne m rmce (240) 
Greater protection would probably be provided by parenteral mjection Yo- 
himbme blockade of cardiovascular responses to epmephrme is not altered by 
any of a considerable number of anesthetic agents (198, 225) 

Yohimbme readily reverses the pressor response to acetylcholine m anes- 
thetized, atropimzed animals, but only reduces the response to mcotme (366) 
This difference m action is similar to that noted unth Dibenamme, and the same 
possible explanations apply (see I, A-2) The glycemic response to epmephrme 
13 inhibited (161) 

Yohimbme blockade of the responses of arterial stnps to epmephrme in vitro 
IS much less complete m the presence of cocame (69) The adrenergic blockmg 
action of the benzodioxanes is also antagonized by cocame (19), but that of the 
/J-haloalkylammes is not sigmficantly altered by this agent (295) The difference 
IS probably due to the fact that yohimbme and the benzodioxanes produce an 
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The non-specihcity of the cardiac effects of these agents on the TnaTnmql i ffTi heart 
IS emphasized by the fact that electncally-induced fibrillation and BaCli-uiduced 
ectopic rhythms are inhibited as readily by 933F as epinephnne arrhythmias (98), 
and the fact that the response to vagal stimulation is reduced almost parallel to 
that to accelerator nerve stimulation (407) 

Chloroform-epmephnne ventncular fibrillation is prevented by 933F and 
883F (370) Inhibition of the pressor response to epmephnne has been advanced 
as the basis for this protection, although some of the pubhshed records mdicate 
that the pressure may nse as much in the presence of 883F as m unprotected 
animals prior to the onset of arrhythmias Corynanthine also affords mariced 
protection despite epmephnne-induced pressure rises of as much as 140 mm 
Hg (372) Pressure is probably a factor m the mduction of cardiac arrh 3 dhmiaB, 
but the absolute pressure rather than the magmtude of the nse appears to be 
the pnmaiy sensitizing factor (see I, A-5) Fibrillation induced by digitalis 
overdosage in cats is not inhibited by 883F or 933F (104) 

S Central nervous system Stimulation of the central nervous system by 
the benzodioxanes appears to affect particularly the lower bram stem At least 
among pipendine derivatives of benzodjoxane, this effect is roughly parallel to 
adrenergic blocking activity (47) Central nervous system stimulation is prob- 
ably involved in the pioduction of h 3 'pertension in unanestbetized ammals (29, 
47, 172) and man (143) 

Administration of the benzodioxanes to anesthetized dogs may produce a 
vagus-mediated bradycardia even in the presence of a systemic hypotension (172, 
407) This response is followed by a secondary cardiac acceleration which is 
prevented by gangliomc blockade or cardiac denervation but not by removal of 
the adrenal glands (172, 407) The h 3 iperglycemic response to the administra- 
tion of the benzodioxanes (47, 177) is also probablj' due to a central action 
mediated through the sympatho-adrenal system, although the same compounds 
have been reported to mhibit the hyperglycemic action of epmephnne (33, 47, 
contrast 177) Antidiuresis, presumably mduced bj" hypotlmlamic stimulation, 
has also been noted (434) 

Although the reported central nervous system effects of the more commonly 
employed members of the benzodioxane senes are pnmanly excitatory, elements 
of brain-stem depression are also present The hypotension induced by these 
agents in anesthetized animals is at least partially due to a depression of central 
vasomotor tone (206, 208, compare 407) Inhibition of responses to carotid 
reflexes, and to stimulation of the central stump of the severed vagus, by doses 
of 883F which do not inhibit responses to splanchnic nerve stimulation (407), 
also indicates brain-stem depression Although a local anesthetic action of the 
benzodioxanes on carotid receptors represents another possible mechanism of 
action (421), concentrations adequate to produce this effect (0 15%) arc probably 
not attained in intact animals Other manifestations of central nenmus system 
depression are analgesia, suppression of vomiting due to digitalis or apomorphme, 
and prolongation of the action of other central nervous system depressants (49) 
An adrenergic-blocking benzodioxane derivative wth predominately anesthetic 
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the observation (24) As in the case of obseiY^ations on the blockade of ad- 
renergic stimulation of the frog heart by the ergot alkaloids (see II, C-2), differ- 
ences m technic ma}’^ account for these divergent observations It has also been 
reported that yohimbme may depress the frog heart m lover concentrations than 
those required to inhibit the response to epmephnne (198), an observation 
vrhich must be kept m mmd m an evaluation of the reported inhibition of ad- 
renergic cardiac responses 

3 '‘Inhibtlory” Tesponses Yohimbme has been reported to antagom 2 ® epi- 
nephrme relaxation of rabbit and cat intestine (198, 431), but very high con- 
centrations (1 1000) are required to block responses of the latter Rat mtestme 
is relaxed by j'ohimbine (198) The limited number of obser\mtions make any 
defimte conclusion regardmg the blockade of adrenergic inhibitory responses by 
yohimbme impossible In view of the limited specificitj'^ of entenc organs as test 
objects (see 11, C-3), it must be concluded that specific blockade of adrenergic 
inhibitoiy responses by yohimbme lias not been established 

4 Speaficity Ethyl-yohimbme, even m large doses, does not alter the 
vascular or ocular smooth muscle responses to angiotomn and posterior pitmtary 
(429), nor does yohimbme suppress the pressor effect of KCl m adrenalectomized 
dogs (179) The actions of histamme, banum chJonde and mtnte on artenal 
stnps m vitro are also unaffected (69) The significance of a reported reduction 
by yohimbme of responses of the cat mctitatmg membrane to KCl, BaClj and 
aoetylchohne (340) is not clear 

B Actions other than adrenergic blockade 

1 Central nervous system Yohimbme has several v ell-established effects on 
the central nervous sj'stem Anti-diuresis is promment (130, 437), and appears 
to be due to the release of posterior pituitary hormone m response to h3T30thal- 
armc stimulation It does not occur after section of the hypophyseal stalk (130) 
Corynanthme and yohimbme also mduce melanophore expansion m mtact but 
not m hypophysectomized frogs (393) This effect appears not to mvolve 
nervous mediation from the hypothalamus because it is not prevented by the 
apphcation of local anesthetics to the hypophyseal stalk (371) However, proof 
that local anesthetics adequately penetrate the hypophyseal stalk after topical 
application v ould make this mterpretation more certam 

Yohimbme inhibits epinephrme- (141) and ergotamme-induced (176) apnea m 
anesthetized dogs, despite the fact that the drug itself can produce apnea 
Hovever, the reports provide httle or no evidence regardmg the significance of 
these phenomena, or of the failure of rabbits to respond in a comparable man- 
ner (175) Although nicotme apnea is apparently unaffected (141) theabove 
alterations in respiration are probably manifestations of non-specific stimulation 
of the central nervous sy'stem by yohimbme There is no reason to behei e that 
they are related to the protection against anoxia which this agent is reported to 
provide (106) 

Brain-stem depression also appears to be mvolved m tlie anti-emetic action 
of yohimbme (72) Toxic doses of yohimbme first stimulate and then depress 
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“equilibnum” blockade which may be overcome by mcreased doses of epmephrme 
(295, 327), while the /S-haloalkylamines produce a “non-eqmhbnum” blockade 
(see I, C-2) Although the e\act mechanism of the sympathomimetic action of 
cocaine is unknown, the drug potentiates many responses to epmephrme This 
potentiation provides an adequate basis for evplammg the above effects of 
cocame on “equilibrium” blockade 

The fact that yohimbine reversal of the mcotmic pressor response to acetyl- 
cholme is enhanced rather than depressed by cocame (366) may be reconciled 
vnth the observations discussed m the precedmg paragraph on the basis that 
both excitatory and inhibitory effects of epmephnne are potentiated by cocame 
and that inhibitory factors play a much more important role m responses of the 
mtact vascular system than m responses of arterial stnps Yohunbme actually 
slightly potentiates responses to vasodepressor amines (168) 

Yohimbme has been shoivn to suppi’ess carotid cardiovascular reflexes m ani- 
mals (24, 252, 403) In one of the few repoilnd administrations of yohimbme 
to man (62), the agent significantly reduced orthostatic vasoconstriction Cen- 
tral actions, such as are prominent m the case of ergot preparations (see II, D-2), 
may be mvolved in the depression of vasomotor reflexes by yohimbme The 
pressor effects of carotid occlusion and of stimulation of the central end of the 
severed vagus nerve are inhibited by smaller doses than are reqmred to block 
the effects of splanchnic stimulation (24) However, other observations (403) 
indicate that ordmanly effective doses of yohimbme do not inhibit carotid sinus 
initiated vasoconstnction when the drug is in contact only with the central 
nervous system and is excluded from both the sinus and the reacting limb The 
possibihty that yohimbme acts to block afferent impulses from the carotid area 
on the basis of its known local anesthetic action (317) must therefore be con- 
sidered Expenments involving perfusion of the vascularly isolated carotid 
sinus have demonstiated a local action by concentrations of yohimbme which 
may be attained tn vivo (402) It is possible that adrenergic blockade, inhibition 
of central reflex pathways and local anesthesia of carotid receptors are all m- 
volved in the inhibition of vasomotor reflexes by yohimbme A cntical re- 
examination of this problem might be most rewarding 

£ Cardiac responses In common ivith other adrenergic blockmg agents, 
yohimbme does not inhibit the chronotropic and motropic effects of epmephrme 
on the mammahan heart (315) It has been reported that the rabbit heart is a 
qualitative exception to this general resistance to blockade (45), both m its 
response to yohimbme and that to several other blockmg agents However, 
more data on possible compheatmg experimental factors (see I, A-4) would seem 
desirable before this is accepted as a major exception to the generalization that 
chronotropic and motropic responses of the mammahan myocardium are re- 
sistant to specific adrenergic blockade 

Yohunbme and corynanthme (an isomer of yolumbme) provide sigmficant 
protection against chloroform-epmephnne ventncular fibnllation (370, 372) 
Yohunbme has also been reported to reduce but not to reverse the response of 
the frog heart to epmephrme (204), but other workers have failed to confirm 
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VI MISCELLANEOUS ADHEN'ERGIC BLOCKLVG AGENTS 

In addition to the vanous groups of agents discussed above, a large number of 
miscellaneous compounds have been reported to exhibit adrenergic blockade 
Few of these agents have been adequately studied wnth regard to the specificity 
of the blockade produced, and some of the published reports seemmgly sub- 
stantiate the dictum that “enough of anythmg wall block anythmg ” Only 
rarely have the compounds been compared quantitatively wuth more thoroughly 
studied agents, and therefore, an accurate evaluation of many of the substances 
to be discussed below is almost impossible 

A Natural products 

A \anety of compoimds occumng m nature have been reported to possess 
adrenergic blockmg activity The pharmacological properties of the alstoma 
alkaloids (215) and punfied alstonme (410), obtamed from the bark of Australian 
trees of the genua Alstoma, very closely resemble those of qumme Like qumme, 
they have very w eak adrenergic blocking activity Hydrocmchomdme appears 
to be the most active of the “quinme-like” alkaloids (323), but it is still far from 
being a potent adrenergic blocking agent A quaternary denvative of hydro- 
cinchonidme (329) is active although a similar denvative of yohimbine is mac- 
tive (328) Extracts of Galium apanne (93) and several species of Rauwolfia 
(see 31G, 324, 325) have been reported to possess detectable adrenergic blockmg 
activity, but their properties do not appear to be remarkable It is possible that 
the active agents m extracts of Rauwolfia are closely related chemically to 
yohimbine 

Bulbocapnrae (318) and boldine (320) are said to differ sigmficantly from other 
adrenergic blockmg agents m their ability to block inhibitory vascular responses 
to adrenergic stimuh as readily as excitatory responses However, studies em- 
ploying N-ethyl-norepmephnne (319) have demonstrated that mhibitory cardio- 
vascular responses are largely unaffected by bulbocapnme No proof of the 
specificity of the adrenergic blockmg action of these compoimds has been pre- 
sented, and the published observations are most readily explained by the assump- 
tion that they are simply weak adrenergic blockmg agents with a high non-specific 
toxicity for smooth muscle 

B Synthetic compounds 

The first demonstration of adrenergic blockmg activity by synthetic agents 
was that of Loewe m 1927 (243) He observed that a number of polyphenol- 
ethjdamines inhibited and reversed the vasopressor and rabbit uterus responses 
to epmephnne These agents received little additional attention, but this early 
w ork did much to stimulate the search for adrenergic blockmg activity m s 3 ti- 
thetic compounds 

1 Phenoxyethylamines Interest m the phenoxyethylamme adrenergic block- 
mg agents has been revived by reports of L4vy and coworkers on a senes of 
pnmary and secondarj' phenovTethylamines (57, 59, 210, 219, 220, 221, 234) 
Phenoxyethyl compounds first attracted attention about two decades ago because 
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respu-ation (433) Because of the subcortical central nenous system effects of 
yohimbine (and also of the benzodioxanes, see IV, B-S), the reported prevention 
of decerebrate rigidity by yohimbine and 933F (268) provides an inadequate 
basis for the conclusion that an “epmephnne-hke” substance is involved in this 
phenomenon 

It has been claimed that yohimbme causes prolonged estrus or pseudo- 
pregnancy m intact adult female rats but not m hypophysectomized or castrate 
animals (131), howevpr, other work failed to confirm these results (391) It is 
clear that yohimbine exerts no endocrine effect m immature or castrate animals, 
but the claim that yohimbine activates the anterior pituitary has not been 
established The ejaculation ehcited by yohimbine in mice treated with Pemo- 
ston (244) is inhibited by high section of the spinal cord (245) Present evidence 
provides no endocrme basis for the “aphrodisiac” effects of yohimbme and 
corynanthme The observed responses appear to depend entirely upon circu- 
latory changes (322) and central nervous system stimulation 

S Miscellaneous actions Yohimbme hastens muscle fatigue and reduces 
skeletal muscle sensitivity to acetylcholme (401), but no evidence has been 
adduced to mdicate that these effects mvolve adrenergic blockade, as m the case 
of Dibenamine inhibition of the anti-curare effect of epmephnne (see I, A-3) 
Yohimbme also produces mydnasis m mice by inhibiting cholmergic pupillary 
constnction (44) Both of these effects are probably related to the local anes- 
thetic property of the agent 

It appears that no physiological sigmficance can be attached to the potentia- 
tion of phenol sulfur esterase activity by very high concentrations (5%) of 
yohimbine and ergotamme (399), or the inhibition by yohimbine, corynanthme 
and 933F of the potentiation of acetylchohne synthesis from chohne by ad- 
renochrome and cocarboxylase (267) 

, C Yohimbine congeners 

Except for ethyl-yohirabme, which has attracted attention because of its low 
toxicity (433), derivatives of yohimbme have received only superficial study 
Although adequate comparative data are not available, the ethyl, allyl, butyl, 
phenyl, diethylamme, ethylene glycol and diethylene glycol derivatives of 
yohimbme appear to have very simdar pharmacological properties (69, 431, 
433) Diacetylation, which presumably blocks the secondary amme and alcohol 
groupmgs, also has been reported not to alter significantly the activity of yo- 
himbine and corynanthme (327), although others have reported that diacetyla- 
tion mcreases by several fold the activity of corjmanthme and certam other 
congeners (205, 307) The quaternary methyl-iodide of yohimbme is almost 
completely mactive (328) A number of other derivatives have been reported, 
but their properties do not appear to be unusual 

Corynanthme, an isomer of yohimbine, possesses properties very similar to 
those of the latter Although it is less toxic (209, 354, 437) and appears to be a 
more active adrenergic blocking agent than yohimbme (44, 209, 354, contrast 
205), this agent and its denvatives have been little studied 
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tion, BaCli and acomtme as readily as it does arrhythmias due to adrenergic 
stimuli (41, 51, 97) Indeed, careful measurements on the rabbit auncle tn mtro 
(92) mdicate t^t 1262F is 4 times as depressant as quimdme to the myocardium 
The many non-specific inhibitory effects of the phenoxyethylamines are prob- 
ably related to a strong local anesthetic action (49, 50, 57, 210) Withm the 
senes, the most effective adrenergic blocking agents are among those with the 
strongest local anesthetic action (the secondary amines) The local anesthetic 
action of these agents has been directly imphcated in their mydnatic action (44) 
In general, phenoxyethylamines with a substitution in the 4, 3 or 2 position 
of the phenyl nng possess mcreasing adrenergic blockmg activity m the order 
named Di(2-methylphenoxyethyl)amme is the most active member of this 
senes (210) 

Substitution of the 2-methylphenoxyethyl radical for one or both of the 
benzyl groups of Dibenamme produces compoimds mth very high adrenergic 
blocking activity (288) (see I, D-3) In these compoimds the presence of a 
/S-chloroeth>l moiety provides both a marked mcrease m potency and in duration 
of action The high activity of members of both the ;8-haloalkylamme and the 
above primary and secondary anune senes containing the 2-methylphenoxj'-ethyl 
radical, imphes some special role for this groupmg In \ len of the very different 
chenucal mechanisms mvolved m the blockmg action of members of the two 
senes (see I, D-1, D-4), it may be postulated that the 2-methyl- and ceitam 
other 2-substituted-phenoxyethyl radicals are effective on the basis of some 
structural (stenc) relationship to the locus of blockade Whether anything is 
to be gamed by a comparison of the structure of the phenoxyethylamines to that 
of the phenylethylomme s 3 rmpathomimetics is debatable There are many 
pomts, such as the high effectiveness of the 2-substitution, nhch neigh against 
the pharmacodynamic significance of such a comparison (see summary) 

Mercapto homologs of several of the above phenoxyethylarmnes have also 
been reported to possess adrenergic blockmg activity (58) The sulfur con- 
tauung compounds are somenhat neaker and have a shorter duration of action 
than the oxy-congeners A similar potency relationship nas found for phenoxy- 
ethyl and phenylthioethyl denvatives of Dibenamme (288) 

2 Sympathomimetic amines The first demonstration of inhibition of the 
effects of one sympathomimetic amme by another probably was the observation 
of Abderhalden and Slavu (1) m 1909 that d-epmephrme protected mice against 
the lethal effects of 1-epinephnne Since that time many a orkers have reported 
competitive mteractions between various sympathomimetic ammes (see 159, 
250) The weak adrenergic blocking activity of several phenylethylenediammes 
and phenylhydrazmes (27, 42) has been attnbuted to a similar action on the 
basis of a "structural relationship” to phenylethylamme Recently, apparently 
specific mversions of the pressor response to Vonedrme (d-phenyl-N-propyl- 
methylamine) by Paredrme (/3-(p-hydroxyphenyl)-isopropylmethylamme) (9), 
and of the response to several aliphatic amines bj ephedrme (8) hai e been 
reported These re\ersals apparently mvolve a true penpheral vasodilatation 
not detectable in the absence of the inverting amme Most obsen, ations mdicate 
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of the marked uterine stimulation which they produce (see 15), and a number of 
compounds of this type are included m the Fourneau senes They may be 
considered to be chemically related to the benzodio\anes (compare structure and 
activity of 928F, 930F, etc , (18, 47)) These compounds appear to have many 
and vaned pharmacological properties (see 40 for the details of older work) 
Several members of the senes possess a hypotensive action and antagonise the 
pressor and renal vasoconstrictor actions of epinephnne (57, 210) Whether the 
hypotensive action is due entirely or even m major part to adrenergic blockade 
has not been determined The adrenergic blocking action is very weak and 
many members of this senes reduce, but do not reverse the pressor response to 
epinephnne In low concentrations, many pbenovyethylamines sensitize to 
adrenergic stimuh The blocking action of even the most active phenovyethyl- 
amines is of short duration and exhibits tachyphylaxis (295) 

Vanous members of tbs senes have been shown to exert antidiuretic (434), 
central nervous system depressant (49, 210), direct vasopressor (50, 57, 210) and 
gangliomc effects (17, 50) They also produce dilatation or constnction of the 
broncb (234), stimulate the isolated mtestine (41), and inbbit epinephnne- 
mduced relaxation of broncb (234) and of isolated rat intestine (219) The 
effects of acetylcholme on broncb (234) and of acetylchohne and banum on 
isolated mteatme are also inhibited (41, 220, 221) Compounds wbch most 
effectively antagonize responses to banum and acetylchohne are not necessarily 
the most potent mbbitors of responses to epinephnne, but responses to acetyl- 
chohne and barium tn miro appear to be antagonized by lower concentrations than 
are required to block epinephnne-mduced intestinal relaxation (57) 

The phenoxyethylammes (929F and 1081F), both mth disubstituted phenyl 
radicals, have been reported to block epinephnne relaxation of the dog intestine 
and the nonpregnant cat uterus and to reduce only shghtly the pressor response 
to epinephnne (43, 48) Although it is true that the non-pregnant cat uterus 
provides a test of adrenergic inbbitoiy responses involving fewer complications 
than the mtestme, 108IF directly stimulates the uterus In the absence of 
expenments with non-adrenergic agents to detemime the specificity of the above 
mbbition, these observations cannot be considered as proof of specific blockade 
of an adrenergic inbbitory response Although phenoxyethyl substitubons in 
the |?-haloaIkyIamme senes usually yield bghly active blocking agents (288), 
all compounds with double substitutions on the aromatic nng are inactive (281) 
Although tbs evidence is indirect, it suggests that disubstituted phenoxyethyl 
radicals do not favor the production of adrenergic blockade 

The glycemic response to epinephnne may be blocked by phenoxyethylammes 
(233), but tbs effect does not parallel the potency of members of tbs senes m 
blocking vascular responses to epinephnne (33) 

Phenoxyethylammes also have a negative inotropic action on the frog heart 
and have been reported to antagomze, but not to reverse the action of epineph- 
nne thereon (59) The important role of direct myocardial depression in deter- 
imnmg the cardiac effects of phenoxyethylammes is indicated by the fact that a 
member of tbs senes, 1262F, suppresses arrhythmias due to electncal stimula- 
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that Dibenainine and Pnscol do not unmask significant vasodilator responses to 
Vonednne and the ahphatic ammes (9, 294), although slight depressor activity 
■was observed when relatively large doses were administered to cats pretreated 
■vnth a Dibenamine congener (81) 

In common with many adrenergic blockmg agents, most s 3 rmpathomuiietio 
amines appear to potentiate adrenergic stimuli at low concentrations and to 
inhibit such stimuli at high concentrations (133 , 203) Whether or not the 
interactions between sympathomimetic amines mentioned above involve a 
mechanism similar to that mvolved in adrenergic blockade by such agents as 
Pnscol and Dibenamine cannot be stated at the present time 

3 Isoquinoltnes An extensive senes of tetrahydioisoqumolmes has been 
studied recently and certain members foimd to produce inhibition and reversal 
of the pressor response to epinephnne (60, 113, 195, 196) Many of the com- 
pounds also produce a considerable fall in blood pressure, apparently due to 
direct vasoddatation Other members of the senes, particularly the secondary 
amines, have a piessor action (113) N-aliphatic substituted compounds appear 
to have maximal adrenergic blocking actmty Such compounds may be con- 
sidered to represent N-bensyl-N-alkyl-yJ-chloroethylammes m which the i3-halo- 
aJkyl group has condensed with the 2-position of the aromatic nng However, 
this structural companson appears to have no pharmacodynamic sigmficance, 
because the activity of tetrahydroisoquinolines is completely abohshed by N- 
benzyl or N-;3-chloroethyl substitutions (288) These substitutions yield com- 
pounds related m the same way to other active members of the i 3 -haloalkylamine 
senes (N,N-dibenzyl-/3-chloroethylamme and N-benzyl-di(/ 3 -chloroethyl)amme) 
The blocking action of the tetrahydroisoquinohnes is also entirely different from 
that observed m the /3-haloalkyIamjne senes The former is much shorter in 
duration and is unaltered by thiosulfate (288, 295) Structural companson of 
these reduced isoquinohnes mth cychzed /S-phenylethylaminea is possible (1 13), 
but probably of no greater pharmacodynamic sigmficance than the above com- 
panson -with the /3-haloalkylamines 

4 Miscellaneous synthetic coin-pounds Morphothebame-dimethylether (an 
aporphme denvative related to bulbocapnine) appears to have quite specific 
adrenergic blocking activity (154) The pressor response to epinephnne in 
anesthetized cats and the epinephnne-induced contraction of the isolated rabbit 
uterus and spleen are readily reversed, although the effects are veiy transient 
The chronotropic action of epinephnne on both the frog and rabbit heart is also 
inhibited However, the agent is a strong myocardial depressant and the cardiac 
blockade may be non-specific It is also a relatively strong central nervous 
system stimulant Morphothebame-dimethylether does not effectively block 
adrenergic inhibitory responses Epinephnne-induced relaxation of the non- 
pregnant cat uterus and of the rabbit ileum in vitro is not significantly altered 
by concentrations well above those shown to block excitatory responses to 
epinephrine 

Pyndme (326) and 3-ionone (99) have been reported to possess adrenergic 
blocking activity, but their actions are quite w eak The orthostatic hypotension 
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induced by pentaquine (122, 334) appears to be due to depression of the central 
nervous system simdar to that demonstrated for pamaquine (270), rather than 
to a "sympatholytic” effect, the latter is ruled out by failure of the drug to alter 
responses to epinephnne (334) 

A group of unrelated drugs including atropine, diphenhydramine, meperidine, 
procame and qumidme has been shown to antagomze both the vasoconstnctor 
and vasodilator (after Pnscol) responses to epmephnne m the perfused rabbit 
ear (61) However, most of these agents are equally or more effective against 
responses to acetylchohne and histamine Their adrenergic blocking action 
therefore appears only at concentrations which suppress the over-all reactivity 
of the effector cells 

vn CLIMICAL ANT) EXPERIMENTAL APPLICATIONS OF ADRENERGIC BLOCKINa 

AGENTS 

4. number of clmical and experimental uses of the adrenergic blockmg agents 
were discussed m the precedmg sections for the information they provided re- 
garihng the basic pharmacology of the compounds under consideration In this 
section several additional apphcations will be discussed briefly Particular 
attention w ill be paid to those which mvolve or might be expected to involve 
actual adrenergic blockade However, certam uses which appear to depend 
prunanly upon actions other than adrenergic blockage w ill be mcluded m order 
to place them m proper perspective 

A Human pharmacology 

The rational clmical use of any drug is dependent upon a clear understandmg 
of its pharmacological actions m man In the field of adrenergic blockage, 
quahtative differences beticeen the responses of man and laborato*y mam- 
mals have not been demonstrated However, certam important quantita- 
tive differences exist These arise particularly from the fact that unpleasant 
and even dangerous side-effects prevent the admmistration of many agents 
m doses adequate to produce the effects commonly seen m animal experimenta- 
tion Unfortunately, few clmical investigators haie actually tested for 
adrenergic blockage m man Consequently, many observations have been 
attnbuted to adrenergic blockade or “sympatholysis" even though the doses of 
blocking agent employed appear to be completely inadequate to produce such 
an effect Onlj Dibenamme (183) and Pnscol (151) have been conclusively 
demonstrated to produce significant adrenergic blockade m man 

In the majonty of subjects Dibenamme inhibits or reverses the pressor effects 
of mjected epmephnne and Neo-S 3 Tiephnne, of apnea, and of the cold pressor 
and Flack tests The orthostatic hypotension, nasal congestion and miosis 
commonly observed after Dibenamme administration must also be due to 
adrenergic blockade as they can be accounted for by no other known properties 
of the agent 

Troublesome side-effects, particularly nausea and vomitmg, may occur m t.he 
clinical use of Dibenamme (183, 337, 424), but some reports mdicate that they 
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may be largely eliminated by slow admimstration of the agent (158, 258) or by 
pnor sedation (281) A reported sedative action of Dibenamme (281, 379, 424) 
13 probably secondary to the psychic effects discussed elsewhere (see I, B-2 and 
VII, F-2) The direct effect of Dibenaimne on the central nervous system is 
primarily stimulant Orthostatic hypotension is alwa}^ observed, but caimot 
be considered as a side-effect because it is merely one expression of the desired 
adrenergic blockade It may be overcome by the use of leg and abdonunal 
bmders and prehmmary observations (281) mdicate that patients may com- 
pensate for postural changes m the presence of continued blockade Presumably 
this adjustment is similar to that occurring after extensive sympathectomy 
However, a more thorough study of the problem is warranted 

The hydrogenated ergot alkaloids have not been demonstrated to produce any 
extensive adrenergic blockade m man Plethysmographic studies (37, 38, 167) 
have demonstrated increases m limb and digit volume and pulse, and an aug- 
mented penpheral blood flow after dihydroergocormne, but central vasomotor 
depression rather than adrenergic blockade appears to be the most plausible 
explanation for the observed changes A central site of action is also strongly 
suggested by the fact that reversal of the pressor response to mjected epinephrme 
has been demonstrated only with difficulty (large doses of dihydroergokryptme 
vs very small doses of epinephnne), whereas orthostatic hypotension is readily 
produced (121) Inasmuch as responses to circulating epinephrme are always 
more readily inhibited by the ergot alkaloids than are those to sympathetic 
nerve activity, inhibition of vasomotor reflaxes cannot be considered as proof 
of the estabbshment of adrenergic blockade if responses to epmephnne are 
unaltered 

Nausea, vormting and general malaise are the most commonly observed toxic 
responses to the dihydro alkaloids (34, 36, 37, 121, 167) and seriously hmit the 
dose which may be administered These reactions appear ivith total doses as 
low as 0 3 mgm of dihydroergocormne (34, 36) This observation suggests a 
stronger emetic action than is observed ivith dihydroergotamme which is em- 
ployed in considerably larger doses m the therapy of migrame 

Adrenergic blockade produced m man by Pnscol (151) appears to be less 
complete than that produced by Dibenamme, but greater than that observed 
with the ergot alkaloids The pressor response to moderate doses of epmephnne 
13 reversed, but pressor responses to the cold-pressor and breath-holdmg tests 
are only partially inhibited and rarely reversed Mydriasis rathei than miosis 
may develop The orthostatic hypotension observed after admmistration of 
Pnscol is not necessarily due to adrenergic blockade, although this factor is 
probably involved It is well known that orthostatic hypotension may be 
produced by many “non-sympatholytic” effects of drugs includmg central or 
galghomc mterruption of vasomotor reflexes and direct penpheral vasodilatation 
The fact that penpheral vasodilatation is ebcited m man wth much smaller 
doses of Pnscol than are necessary to reverse the pressor responses to even small 
doses of epmephnne (184), and that dilatation may occur m some sympathec- 
tomized limhs (151, 230) suggest that direct non-ad renergic dilatation of blood 



PHARMACOLOGY OF ADRENERGIC BLOCKADE 


73 


vessels is a very important factor m the action of Pnscol m man Although the 
case records reported are mcomplete, sympathetic regeneration could hardly 
have occurred m some of the cases in which dilatation was observed after Pnscol 
Failure to demonstrate similar vasodilatation m other sympathectomized ex- 
tremities appears to be due, at least m many cases, to a high degree of pretreat- 
ment dilatation Also, reductions m the blood pressure of extensively sympa- 
thectomized, but still hypertensive patients m response to Pnscol are essentially 
the same as observed m non-sympathectonuzed hypertensives (151) The re- 
sponse to Pnscol after sympathectomy warrants further study 
Side-effects, mcludmg some severe reactions, are relatively common ivith what 
are now considered to be effective doses of Pnscol (28, 151, 236, 363, 427) The 
most commonly observed side-effects are piloerection, chills, nausea, vomitmg, 
apprehension and palpitation A severe tachycardia is noted \vith over- 
dosage (272) 


B Penpheral vascular disease 

Among the most obvious clmical mdications for adrenergic blockade are pe- 
npheral vascular conditions mvolvmg a component of sympathetically mediated 
spasm Members of the d-haloalkylamme, ergot and imidazohne series have 
been employed m such conditions and all appear to produce beneficial vasodila- 
tation However, a precise evaluation of the relative effectiveness of these 
agents and their relation to other methods of therapy is impossible at this tune 
Most of the reported senes are small, and controls and placebos have rarely 
been employed From the standpomt of mterpretation of results, an almost 
equally serious omission m most studies is the absence of evidence that significant 
adrenergic blockade was achieved and was responsible for the observed results 

Dibenamme has been reported to produce penpheral vasodilatation and clun- 
eal improvement m Buerger’s and Raynaud’s disease, acute penpheral arterial 
occlusion and frostbite (2, 79, 183, 379) Results with this agent appear to be 
due to true adrenergic blockade, but the number of cases reported to date are 
too few to give a clear picture of its climcal usefulness The prolonged action 
of members of the )3-haloalkylainme senes may prove to be a distmct advantage 
m their therapeutic use 

The vasoconstnetor action of the naturally occumng ergot alkaloids is too 
strong for these agents to be useful m penpheral vascular msuffilciency How- 
ever, their dihydro denvatives have had preliminary trial Dihydroergotamine 
has been reported to produce beneficial results in penpheral vascular disease 
(199, 230), but its effectiveness has been questioned by some (379) Pharma- 
cological data (see II, C-1, D-1) mdicate that denvatives of members of the 
ergotovme complex should have a considerable advantage over dihydroergot- 
anune because of their lower vasospastic and greater adrenergic blocking poten- 
cies However, it has been reported (34) that dihydroergocomme does not 
benefit “pathological spasm” such as that observed m Raynaud’s disease, 
whereas dihydroergotamine has been reported to give excellent results in the 
treatment of this condition (230) Discrepancies such as tins should emphasize 
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the necessity for caution in evaluating reports of the chnical effects of adrenergic 
blocking agents which do not include ngorous controls 

Pnscol has been employed by many mvestigators in Europe to produce 
vasodilatation in a variety of peripheral vascular conditions including cerebral 
vascular accidents (see 52, 236, 336, 363, 412, 438), with some beneficial results 
reported in all senes However, many of the reports are rather uncntical and 
placebos and controls are rarely included It is not clear why migrame should 
be included m the list of conditions benefited by this vasodilator (412) (see VH, 
F-1) Only one full report of the chnical use of Pnscol (151) h^ appeared ui 
the Amencan literature In this study the agent was found to produce signifi- 
cant penpheral vasodilatation, much of which appears to be independent of 
adrenergic blockade The results indicate that larger doses than employed in 
many of the earher studies are necessary to achieve significant effects Patients 
with Raynaud’s, Buerger’s and artcnosclerotic penpheral vascular disease, with 
acute vascular occlusion and with “causalgia” were reported to be benefited by 
Pnscol The most favorable results were observed in Raynaud’s disease and the 
least favorable results in causalgia 

C Pheochromocyloma 

The diagnosis and preoperative therapy of pheochromocytoma are obvious, 
although rare, mdications for the use of adrenergic blocking agents The benzo- 
dioxanes have been employed successfully m the diagnosis of several cases, and 
in the detection of unsuspected multiple tumors either durmg or after operation 
(64, 134, 143) However, blockade produced by the benzodioxanes is much too 
short to permit these agents to be used therapeutically, also, unpleasant side- 
effects are not uncommon Dibenamme has been employed effectively m the 
diagnosis and in the rather prolonged preoperative mamtenance of patients with 
pheochromocytoma (376, 379) The results reported have been excellent wth 
injections at 72 hour intervals providing complete symptomatic relief During 
the period of Dibenamme admmistration the Roth-Kvale histamme test was 
found consistently to be negative, although it was highly positive pnor to treat- 
ment with Dibenamme 


D H yperteiunon 

Many workers studying adreneigic blockmg agents have entertained the 
thought that these compounds might be of value m the treatment of “essential” 
hypertension In the absence of any reliable information regardmg the etiology 
of essential hj^iertension this approach is without theoretical basis However, 
reports of partial, although highly vanable, relief obtamed from surgical sym- 
pathectomy m this condition have kept alive the hope that chemical adrenergic 
blockade might provide similar benefits 

1 Expenmental neurogemc hypertension The role of adrenergic blockade m 
the therapy of neurogenic hypertension is obvious Consistent, though transient, 
lowenng of blood pressure Iim been observed in hypertensive dogs administered 
ergotamme (191), 883F and 933F (29, 192) Howevei, central mhibition of 
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■vasomotoi activity a^ well ai> adrenergic blockade may be mvolved ui the ob- 
ierved results Compounds 1071F and 1072F, adrenergic blockmg agents with 
Uttle effect on the central nervous system, are not effective m decreasmg pressure 
m chrome neurogemc hypertension (29) 

3 Expenmenlal renal hypertension The role of adrenergic factors m expen- 
mental renal hypertension is vague The sequence of events by which mter- 
ference with renal hemodynamics leads to elevation of the systemic blood pres- 
sure has been carefully studied and has been shoivn to be mdependent of nervous 
mechanisms (53, 142) However, the many similanties between experimental 
renal hjqiertension and human essential hypertension (see 306, 234a) have 
prompted extensive mvestigation of the former Renal hypertensive animals 
respond to sympathectomy by a limited reduction m blood pressure (13), but 
pnor sympathectomy does not prevent the development of renal hypertension 
(13, 119, 193, 406) There is no reason to believe that, m either experimental 
renal or human essential hypertension, adrenerpe blockade can accomplish more 
than surpcal excision of the sympathetic nervous system 

Adrenerpe blockmg agents produce a significant, but highly variable reduction 
lu systemic arterial pressure m animals with experimental renal hypertension 
Yohimbme administered orally for penods up to 35 days ehcits some reduction 
of the blood pressure m dogs with chrome renal hypertension (200) However, 
the pressure is not consistently returned to nonnotensive levels Dibenamme 
administered mtravenously at three-day mtervals to dogs with chrome renal 
hypertension has been observed to produce some reduction m pressure, but not 
to lower it consistently mto the normal range (423) Wide fluctuations m pres- 
sure were noted dunng the penod of treatment In these experiments with 
Dibenamme the degree of adrenerpe blockade was tested at mtervals and the 
failure of Dibenamme to lower the pressure consistently to normotensive levels 
does not appear to be due to inadequate adrenerpe blockade Daily oral ad- 
ministration of Dibenamme to renal hypertensive rats m doses adequate to 
produce partial, but not complete, adrenerpe blockade produced similar results 
(284) All hypertensive animals (and also normotensive controls) responded to 
each administration with a rapid but hmited reduction in blood pressure How- 
ever, only 65% of the hypertensive and none of the normotensive ammals showed 
a cumulative effect Pressures of the animals which responded favorably were 
lowered to essentially normotensive levels which were irregularly mamtained 
dunng 10 days of drug administration and for three to five days thereafter 
The observed effects were shown to be due to adrenerpe blockade because they 
could not be dupheated ivith 2-dibenzylammoethanol (the hydrolysis product 
of Dibenamme) which has many pharmacolopcal properties m common with 
Dibenamme but lacks adrenerpe blockmg activity 

Smgle mjeotions of 883F and 933F (29, 100, 212) produce only irregular 
vasodepression in dogs ivxth chrome renal hypertension, a response very similar 
to that seen m normotensive controls Single mjections of pentobarbital or 
yohimbme (330), and 883F, but not 933F (357), have been reported to produce 
a transient depressor response m renal hypertensive rats, which appeared to be 



greater in animals hypertensive for more than two months These observations 
on rats, particularly the difference in response to 883F and 933F, have been 
interpreted to indicate that neurogemc factors are of importance in late, but 
not in early renal hypertension Fewer rats with prolonged renal hypertension 
(over two months duration) responded to Dibenamme with a persistent lowering 
of the blood pressure than did those wth a shorter penod of h 3 rpertension (284) 
Observations demonstrating an almost equal effect of 933F and 883F m neuro- 
genic hjrpertension (see VII, D-1) have apparently been overlooked m this 
interpretation It has been noted that single mjections of ethyl-yohimbine cause 
a marked reduction m the blood pressure of renal h 3 qDertensive dogs under pento- 
barbital anesthesia (68) The reductions m pressure induced by pentobarbital 
and yohimbine therefore appear to be due to cumulative factors and attributing 
them to a common inhibition of sympathetic vasoconstrictor activity does not 
appear to be warranted at the present time 

The above observations, particularly those obtained with smgle mjections of 
blocking agent, are extremely difficult to evaluate However, their marked 
irregulanty, compared with the consistent depressor response to adrenergic 
blockade seen in animals with neurogemc hypertension, argues against derange- 
ment of sympatho-adrenal function as a major factor in renal hypertension It 
must be concluded that the contention that nervous factors are of importance 
in late but not in early renal hjipertension (302, 330, 357) has not received con- 
vmcmg support from experiments emplojnng adrenergic blockmg agents 

It IS known that the blood pressure can be mamtamed within normal hinits 
after complete sympathectomy (152, 257), presumably by autonomous vascular 
tone The possibility must therefore be considered that the rate and axtent of 
penpheral vascular compensation rather than the level of sympathetic activity 
may determme the magnitude and duration of the depressor response to drug- 
induced sympathetic blockade 

S “Essenital" hyperlermon The clinical application of adrenergic blockade 
to the study and treatment of hypertension has been very limited Therapy 
with Dibenamme has been reported to produce significant benefit m severe, 
particularly mahgnant, h 3 pertension (424) The drug was found to lower 
significantly the blood pressure m most cases, and relief of symptoms such as 
hypertensive encephalopathy uas even more prominent Other workers (158) 
have observed a significant depressor response to Dibenamme, lasting 24 to 
72 hours, m early benign hypei tension, but not in patients with advanced organic 
changes in the cardiovascular system On this basis it has been suggested that 
the response to this drug be determined pnor to sympathectomy as a measure 
of the role of the sympatho-adrenal system in a given case of hypertension On 
theoretical grounds, an agent wnth the specificity of Dibenamme vould be ex- 
pected to be ideal for this purpose, indeed, attention has been called to the 
sinulanty between the effects of Dibenamme medication and those of surgical 
sympathectomy (423) However, the same arguments regardmg possible mis- 
mterpretation of depressor responses to sjunpatho-adrenal blockade apply here 
as m the above discussion of responses to adreneigic blockade m experimental 
renal hypertension Results obtained wuth Pnscol. the eigot alkaloids, tetra- 
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ethylammomum and spinal anesthesia where factors in addition to blockade of 
the sympatho-adrenal system are involved would seem to have even less diag- 
nostic specificity It has been reported that Dibenamine is supenor to tetra- 
ethylammonium as a test for predictmg the results of sympathectomy m acute 
penpheral vascular conditions (79), but the same worker questions its prognostic 
value m hypertension Lack of knowledge concerning the etiology of essential 
hypertension makes the interpretation of any prognostic test extremely haz- 
ardous 

Dihvdroergotamine (377) and dihydro denvatives of members of the ergo- 
toxine complex (36, 37, 121, 167) have recently been studied m a few cases of 
hypertension Parenteral adnunistmtion appears to produce a significant re- 
duction m blood pressure and an orthostatic hypotension, but the response of 
different patients vanes mdely and as yet unpredictably Reduction m the 
elevated blood pressure i\as not found to parallel suppression of expenmentally 
initiated vasomotoi reflexes, and m many cases (36, 38) an mcrease m the dose 
of dihydroergocomme caused an mcrease rather than a decrease in pressure 
A similar ptessoi i espouse to large doses of dihydroergocomine has been noted 
in normotcnsive individuals (36) This alteration in response uith mcreasmg 
dosage is compatible with a central site of action Systolic piessure is often 
significantly reduced without any change m diastolic pressure (see 37), a fact 
which questions relaxation of penpheral artenolar constnction as a significant 
factor m the depiessor response More than 10 tunes the parenteial dose must 
be employed when the dihydro ergot alkaloids are administered orally and they 
appear to produce exen more irregular responses when admmistered by this 
route (30, 121) 

The hypotension and depression of cardiovascular reflexes observed m m a n 
are undoubtedly due to central nervous system rather than "sympatholytic” 
effects Central depression of vasomotor reflex pathways and central vagal 
stimulation may both be mvolved Bradycardia is usually observed 

Nausea and vonutmg are common after the administration of dihydro ergot 
alkaloids to hypertensive patients (36, 121, 167) and are not necessanly asso- 
ciated with blood pressure changes Total doses as low as 0 3 mgm dihydro- 
ergocomme have been reported to produce lather severe side-effects (34, 36) 
It has been stated that nausea and vonutmg result from lower doses of dihydro- 
ergocomme m hypertensive than in normotensive mdividuals (36) 

Pnscol has been critically tested m only a small number of hypertensive pa- 
tients (151), even large doses were found to produce very little reduction m 
blood pressure The extent to which adrenergic blockade is mvolved m the 
cases shoivmg some reduction is called mto question by the fact that essentially 
equal responses occurred m patients who Vi^d remained hypertensive after ex- 
tensive sympathectomy Even a massive overdose of Pnscol fails to reduce 
the blood pressure (272), presumably because cardiac stimulation balances 
peripheral vasodilatation Some blood pressure reduction has been reported to 
result from the adimnistration of Pnscol to a few hypertensive patients (363) 
but this observation has not been substantiated 

The few observations which have been made mdicate that the benzodioxanes 
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933F and n64F tend to raise the blood pressure m human essential hypertension 
(143), probably due to central vasomotor stimulation (see IV, B-3) 

E Cardiac effects 

Although Dibenamine, Priscol, yohimbme, corynanthme, the ergot alkaloids 
and several benzodioxanes have all been shown to inhibit adrenergically induced 
cardiac arrhythmias m hearts sensitized by anesthetics and other hydrocarbons 
(12, 96, 135, 269, 293, 298, 299, 305,370, 372), only Dibenamine has been studied 
clinically (283) This agent proved to be very effective m preventmg “spon- 
taneous” arrhythmias m surgical patients under deep cyclopropane anesthesia, 
a fact which indicates an etiological role of adrenergic stimuh m these arrhyth- 
mias 

The effects of vanous blocking agents on cardiac arrhythmias induced by 
procedures or conditions not mvolvmg adrenergic stimuli is quite variable 
Both 883F and 933F have been found to be completely meffective m preventmg 
cardiac anhythmias caused by digitalis overdosage m cats (104), but to prevent 
those due to electncal stimulation and BaClj (96) A phenovyethylamme 
denvative (1262F) protects against fibrillation caused by several non-adrenergic 
stimuli (51, 97), apparently on the basis of direct myocardial depression Ergot- 
amine and dihydroergotamme provide sigmficant protection against fatal 
ventncular fibrillation after acute coronary occlusion m dogs (251, 295) How- 
ever, the protection provided by the dihydro ergot alkaloid does not increase 
m proportion to its adrenergic blocking potency and Dibenanune is ineffective 
(295) These observations strongly suggest that the protection observed is 
dependent upon non-specific myocardial effects of the ergot alkaloids rather than 
upon adrenergic blockade In addition, dihydroergotamme is less than one-half 
as potent as ergotamme m preventing epinephnne-cyclopropane arrhythmias 
(305), a fact which suggests that the liouted protection afforded by the ergot 
alkaloids against this type of arrhythmia (12, 298, 305) is also large^’’ mdependent 
of adrenergic blockade (see discussion, 298) 

Other cardiac effects of ergotamme and dihydroergotamme observed with 
doses obviously too small to produce adrenergic blockade must be dependent 
upon direct myotropic or central nervous system actions In small doses these 
alkaloids cause an mcrease m the T waves of the human electrocardiogram (165, 
301, 378, 416) and also inhibit changes which appear when the subject is standmg 
(362, 418) They have been used diagnostically to enhance disturbances m 
cardiac rhythm m acute rheumatic fever (417), and to differentiate between 
orgamc and functional heart disease, particularly by preventmg EGG changes 
m the latter in response to exercise or anoxia (30, 256, 301, 378) It has been 
argued that ergotamme or dihydroeigotamme affects the EGG by a “sympath- 
olytic” action which alters “autonoimc balance ” However, m the absence 
of tests to indicate the presence of adrenergic blockade it must be assumed that 
such small doses act through some mechanism othei than “sympatholysis ” 
This mterpretation is strengthened by excellent evidence of the mability of the 
ergot alkaloids, even when administered in adequate blocking doses, to alter 
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most responses of the mammalian myocardium to adrenergic stimuh or to block 
adrenergic dilatation of the coronary artenes (see II, C-2, C-3) K any action 
of the ergot alkaloids on the autonomic nervous system is involved in the ob- 
served EGG alterations it is probably central mhibition of vasomotor reflexes 
or central vagal stimulation The latter factor would seem to be particularly 
important as alterations m the EGG are frequently accompamed by some 
bradycardia To claim that the effect of 0 5 mgm of ergotamme tartrate in 
man is “pnmanly sympatholytic m character” is to ignore the accumulated data 
on the human and animal pharmacology of this agent 

F Miacellaneom dinical uses 

1 Migraine The statement that adrenergic blockade is mvolved in the 
beneficial effects of the ergot alkaloids m migrame recurs even m recent clmical 
hterature, this misunderstandmg is probably mvolved m attempts to employ 
Pnscol m the treatment of migrame (412) Many diverse observations provide 
strong evidence against this mterpretation Gareful studies by Wolff and 
associates on the vascular mechanisms m migrame (146, 400) have demonstrated 
that vasodilatation rather than vasoconstriction predominates durmg an attack 
and that ergotamme acts by promotmg vasoconstnction rather than vasodilata- 
tion, the latter would result if sympathetic blockade were the predommant effect 
This mechamsm of action of ergotamme is supported by the fact that epinephrine 
(140) and other sympathomimetic ammes (248) may also provide rebef Fur- 
thermore, the doses of the ergot alkaloids employed m migrame, are much too 
small to produce adrenergic blockade Ergonovnne is effective m a considerable 
percentage of cases despite its lack of adrenergic blockmg activity (231) Fi- 
nally, hydrogenation of the ergot alkaloids, which decreases direct vasoconstnctor 
and mcreases adrenergic blockmg activity, reduces their effectiveness m migrame 
For example dihydroergotamme must be employed m doses about double those 
of ergotamme (see 124, 125, 398) and chhydroergocomme, one of the most potent 
adrenergic blockmg agents m the senes, has only questionable value m migrame 
(124) One report (377) claimmg that dihydroergotamme has a greater potency 
than ergotamme m the treatment of migrame is not m agreement with most 
observations 

2 Psychoses Reports of benefit from the use of ergotamme (181, 214 310, 
contrast 153) and Dibenamme (258, 337) m psychiatnc conditions are very 
difficult to interpret In most cases the cntena of improvement are nebulous 
However, Medmets and coworkers (258) have made a laudable attempt to 
quantitate the responses of schizophremc patients to Dibenamme and have 
reported sigmficant improvement 

It IS probable that any benefit derived from these agents m psychoses is due 
to factors other t han adrenergic blockade, but unfortunately these have been 
largely overlooked m a tendency to attribute the results to autonomic “balanc- 
ing” or “unbalancmg” by adrenergic blockade All adrenergic blocking agents 
reported to be of value m these conditions have at least transient direct effects 
on the central nervous system The role of direct central effects is particularly 
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clear in the case of the ergot alkaloids These agents always produce brain-stem 
depression with smaller doses than are necessary for adrenergic blockade, somno- 
lence and sedation are among the most pronunent signs of acute toxicity m 
pnmates (420), and an adrenergically inactive alkaloid (ergonovine) has been 
found to produce essentially the same psychic response as ergotamme (214) 
The extremely potent effects of the ergonovine congener l 3 rsergic acid diethyl- 
amide on the central nervous system (see IT, A) may provide a useful pomt of 
departure for a critical study of the non-adrenergic psychic effects of the entire 
senes of ergot alkaloids 

A second consideration m evaluatmg the role of adrenergic blockade m the 
psychic responses to blockmg agents is that, insofar as they have been studied, 
adrenergic blockmg agents do not inhibit responses of the central nervous system 
to adrenergic stimuli This factor has been considered m only one of the reports 
on the subject (258) Finally, with the exception of certain studies on Diben- 
amme (258, 337) there is little evidence that the doses employed produce signifi- 
cant adrenergic blockade In one senes (310), huge doses of dihydroergotamme 
(to 200 mgm /day) were administered orally, but httle is known of the blockmg 
action of the ergot alkaloids when administered by this route, and no attempt 
was made to show that adrenergic blockade was achieved Studies with the 
hydrolysis product of Dibenamme which retains the central stimulant, but is 
devoid of adrenergic blockmg activity (see I, B-2) would be of mterest m deter- 
mining the mechanism involved m the production of the reported beneficial 
psychic effects of Dibenamme 

S Other uses Although it does not alter the pressure m normal eyes, 
Dibenamme has been reported to reduce very effectively the mtraocular pressure 
m cases of acute glaucoma refractory to other therapy (76) It is known that 
cervical sympathectomy causes some lowenng of mtraocular pressure m anima ls 
(202), but the mechanism of the Dibenamme action is far from clear The 
reduction m pressure is much greater than can be accounted for on the basis of 
the miosis produced 

Dibenamme has been observed to provide marked symptomatic rehef m 
cardiospasm, accompamed by roentgenographic evidence of relaxation of the 
cardia and rapid empt 3 mg of the esophagus (281) However, more extensive 
observations are necessary to determme the duration of rehef and the mcidence 
of favorable responses It has been reported that dihydroergotamme also may 
reheve cardiospasm (199), but these observations are comphcated by the simul- 
taneous admmistration of physostigmme 

Dibenamme also mduces a sigmficant diuresis and an increased urea clearance 
m patients with mahgnant hypertension (424) Pnscol has been reported to 
produce a similar response m acute nephntis (227) 

G Mtscellaneotcs experimental applications 

1 Shock Eaily m the study of the jS-haloalkvlamme blocking agents it was 
noted that less hemorrhage is required to mduce a fall m blood pressure m Di- 
benamme-treated animals than in controls, but that equal or larger ivithdrawals 
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of blood could be made from the former before shock supervened (297) More 
detailed experiments (331, 422) have now demonstrated that adrenergic blockade 
with Dibenamme provides marked protection against both hemorrhagic and 
traumatic shock Careful hemodynamic measurements m control and Diben- 
anune-treated dogs subjected to hemorrhagic and traumatic shock indicate that 
the observed protection is largely due to the ehmmation of reflax vasoconstnction 
which ordmanly sustains blood pressure at the expense of blood flow (331) The 
protection afforded by Dibenamme under these conditions might have been 
anticipated on the basis of older experiments (120) demonstratmg a marked 
resistance of sympathectomized dogs to hemorrhagic shock 
8 Inhibitory properties of sympaOiomimelic amines Adrenergic blocking 
agents have been employed as tools m several studies designed to evaluate the 
relation between the chemical structure of sympathomimetic amines and the 
depressor component of their activity The effect of a Dibenamme congener 
(N-benzyl-N-d-phenybsopropyl-d-chloroethylamme) on the pressor response to 
20 pressor anunes and catechol has recently been reported (81) All agents 
except Neo-Synephrme, Pnvme and Parednnol ehcited some depressor response 
after blockade Maximum adrenergic blockade may not have occurred m these 
experiments Two-thirds of the preparations showed only partial mhibition of 
response of the nictitatmg membrane to epmephrme Other workers, most of 
whom have studied only a few anunes, have observed much less depressor response 
after adrenergic blockade, particidarly with non-catechol, aliphatic and imi- 
dazolme sympathomimetic agents (11, 105, 114, 259, 260, 408, 409) However, 
one report mdicates epmephrme-hke reversal even of Pnvme and Neo-Syneph- 
rme by a /3-haloalkylamme (414) The relatively large doses of pressor ammes 
employed by Coret (81) may have been a factor m the production of the ob- 
served depressor responses, for it has been noted that large doses of several 
anunes are reversed more readily than small doses (114, 294, 414) and that 
repetition of small doses produces a similar increased depressor effect (294) A 
standardization of methods and doses will be necessary before the above divergent 
results can be quantitatively interpreted 
Another study of cardiovascular responses to an extensive senes of sympath- 
omimetic ammes administered after large doses of Dibenamme (287, 294) has 
mdicated that four structural factors are of importance m ehcitmg a depressor 
response alkyl substitution on the amme, hydroxyl substitutions (especially 3 , 4-) 
on the aromatic rmg, /3-aliphatic substitutions and a-oxy substitutions The 
importance of these factors tends to decrease m the order listed, but at least 
two of the mentioned substitutions are necessary for any considerable depressor 
activity, and the alkyl groupmgs are relatively meffective m the absence of the 
phenohc hydroxyls Qualitative confirmation of the significance of these con- 
stituents 13 found m several of the senes of expenments discussed in the preccdmg 
paragraph when they are reevaluated with these factors m mmd 
A study of cardiovascular responses to graded doses of epmephrme m cats 
before and after the administration of Dibp. nn.min R bus provided data for the 
construction of dose-effect curves for pressor and depressor responses (286) 
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Differences in the shape of these curves may provide an explanation for recog- 
nized differences in the response of untreated animals to large and arngll doses 
of epinephnnc and perhaps other sympathomimetic ammea 

3 Jdeniificalton of adrenergic mediators A number of workers have em- 
ployed adrenergic blockmg agents as tools to unmask the depressor component 
of the response to epmephnne and thus to differentiate this agent from norepi- 
nephrine which has little or no vasodepressor action Studies have been earned 
out particularly m efforts to identify the sympathetic mediator and the sym- 
pathomimetic agents extracted from various tissues The ergot alkaloids have 
been most commonly employed (108, 132, 419), probably because of their avail- 
ability, benzodioxanes have also been used (264) However, Euler has recently 
employed Dibenamme for this purpose (109) with more reproducible results and 
few er compheatmg side-effects The depressor responses noted after ergotamine, 
and more recently after Dibenamme, also have been studied as one step in the 
charactenzation of newly synethesized senes of s 3 Tnpathomimetic agents 
(ci;,392) 

After confirmmg the specificity of the adrenergic bloclong action of Diben- 
amme, Folkow and coworkers have employed this agent m several axtensive 
studies of the mechanisms of certam cardiovascular reflexes and of the relative 
roles of cholmergic and adrenergic factors in sympathetic vasodilatation (114, 
115, 110, 117) 

{ Other uses The /S-haloalkylammes have also been utihzed by a number 
of investigators to detennme whether the effects of vanous agents and procedures 
are adrenergically mediated This question has been answered m the affirmative 
for the pressor effect of certam antichohnesterases (80), the secondary pressor 
response to epmephnne (229), sweatmg in certam areas (palms of hands, etc ) 
(156, 183, 258) and the hyperthermic response to typhoid toxm (415) The 
inhibition of hyperthermia by N-l-naphthylmethyl-N-ethyl-/3-bromoethylamine 
was similar to, but somewhat less than, the inhibition by corynanthme and 883F 
of dmitrophenol hyperthermia reported many years ago (374) Dibenamme 
(157) and eigotamme (246) have also been employed m experiments demon- 
strating a direct penpheral vasoconstnetor action of nicotme 

Priscol has been used as a vasodilator to facihtate blood pressure readmgs m 
the rat’s tail (74), but the vahdity of such determinations may be questioned 

Rapid intravenous admimstration of large doses of Dibenamme has been 
showm to prevent post-coital ovulation m the rabbit (358) It was concluded 
that this inhibition indicated adrenergic mediation to the antenor pituitary 
However, the marked central nervous system excitation which occurred and the 
short time intervals mvolved m these expenments strongly suggest that direct 
central nervous system stimulation rather than adrenergic blockade was im- 
portant m the observed inhibition (280) Dibenamme failed to prevent the 
release of adrenocorticotrophin m response, to stress m expenments m which 
adequate time ivas allowed for side-effects of the agent to be dissipated 1,394) 
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SUMMARY 

Members of the vanous senes of adrenergic blocking agents differ widely in 
the blockade they produce and even more widely in the nature of their side- 
effects However, a general pattern of activity emerges if the components of 
specific adrenergic blockade are extncated from comphcatmg side-effects, often 
a (hfficult process because of the limited nature of many reports 

The data listed m table II summanze the pharmacological properties of the 
more important senes of adrenergic blocking agents This tabulation is cer- 
tainly not defimtive and some a\ceptions to almost every statement in the table 
have been reported. Aberrant results m the field of adrenergic blockade ha\ c 
been frequently attnbuted to species differences or to qualitative differences in 
the activities of a few members of a senes Such differences may exist (c g , 
absence of significant adrenergc vasodilatation m the rabbit) , but m explaining 
conflicting results they should be invoked only as a last resort Whenever n ell- 
controlled experiments with a group of related agents have been earned out in 
parallel on several species, many apparent exceptions have disappeared Side- 
effects, use of an inadequate dose range or factors of experimental technic fre- 
quently may be the basis for apparent exceptions, and must be ngorously ruled 
out before observations which conflict with a general pattern of activity can be 
accepted 

The contraction of smooth muscle and the secretion of exocnne glands m 
response to adrenergic stimuh are inhibited by all adrenergic blocking agents and 
blockade of these responses has been tacitly accepted as the basis for definmg 
adrenergic blockmg activity The most thoroughly studied manifestations of 
this action are mhibition of the pressor response to mjected epmephnne and 
inhibition of the epinephrme-induced contraction of vanous smooth muscle 
structures m vitro Hon ever, the elimination of such responses does not con- 
stitute proof of specific adrenergic blockade, many substances in adequate dosage 
are capable of destroying the abihty of smooth muscle to contract Reversal of 
the pressor response, as distmet from its depression, is more adequate evidence 
of specific blockade because such reversal mdicates that the vascular system is 
still capable of physiological responses In experiments on smooth muscle in 
intro, reactions to several activatmg agents must be studied m parallel m order 
to establish the specificity of alterations m the response to epmephnne 

All specific adrenergic blocking agents mhibit responses to circulatmg mediator 
more readily than those to adrenergic nerve stimulation. Some agents show a 
much greater differential than others m their activity against these two types of 
stimuh, but all gradations occur and the difference is therefore unreliable as a 
basis for classifying blocking agents Inhibition of vasomotor reflexes cannot 
be considered as proof of "sympatholytic” activity The ergot alkaloids mhibit 
vasomotor reflexes more readily than responses to mjected epmephnne, but the 
mechanism involved is depression of the brain stem rather than inhibition of 
responses to sympathetic nerve activity 

Specific blockade of adrenergic "inhibitory” responses does not appear to have 
been conclusively established for any blockmg agent Epmephrme-mduced 
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relaxation of certain organs is inhibited by a number of compounds However, 
the mterpretation of this effect is complicated by the presence of intramural 
parasympathetic ganglia in many organs which respond to adrenergic stunuh by 
relaxation, the known parasympathomimetic and direct musculotropic actions 
of many adrenergic blocking agents, and the gangliomc effects of epmephrme. 
In sharp contrast to the uniformity of blockade of excitatory responses, antagon- 
ism of inhibitory responses vanes widely wnth different species, organs, blocking 
agents and expenmental conditions Two general observations regarding the , 
inhibition of adrenergic relaxation of smooth muscle weigh against the conclusion 
that this is an expression of specific adrenergic blockade (A) The responses of 
organs most subject to comphcatmg reactions, {e g , intestme) are most fre- 
quently reported to be inhibited In contrast, relaxation of the non-pregnant 
cat uterus by epmephrme is relatively imiform and dependable, responses of this 
organ are much less frequently reported to be inhibited and only partial blockade 
is usually observed Finally, blockade of adrenergic inhibition of the vascular 
musculature has never been clearly demonstrated Vascular smooth muscle rep- 
resents the most reliable object upon which to test blockade of adrenergic inhibi- 
toiy responses because of the absence of ganglia, the absence of constrictor 
responses to chohnergic stunuh, etc (B) Blockade of adrenergic inhibitory 
responses is reported most frequently as a property of those drugs (ergot alkaloids, 
phenoxyethylammes, benzodioxanes) which possess many important side-effects 
and least frequently as a property of those agents (/8-haloalkylamines, yohimbme) 
which exhibit the greatest specificity of action It must be concluded that 
blockade of adrenergic inhibitory responses by members of any of the known 
senes of adrenergic blockmg agents has not been conclusively established 

It IS generally agreed that no adrenergic blockmg agent specifically inhibits 
the chronotropic and motropic responses of the mammalmn heart to adrenergic 
stimuli Even those agents which profoundly depress the myocardium have 
rarely been reported to depress in equal measure its response to epmephrme In 
contrast to the responses of the mammalian heart, stimulation of the amphibian 
heart by epmephrme appears to be subject to inhibition by several agents This 
inhibition may be markedly altered by the composition of the perfusion fluid, a 
fact which may account for a number of contradictory reports which have 
appeared 

In contrast to their meffectiveness against the chronotropic and motropic re- 
sponses of the mammalian heart to epmephrme, adrenergic blockmg agents are 
quite effective in preventmg epmephnne-mduced arrh 3 d;hmias both m the 
presence and m the absence of sensitizmg hydrocarbons Some agents (^- 
haloalkylammes, yohimbme, imidazolines) apparently protect by virtue of their 
adrenergic blocking activity, whereas others (ergot alkaloids, benzodioxanes, 
phenoxyethylammes) protect by directly depressmg the myocardium Com- 
pounds of the latter type are also effective against arrhythmias evoked by non- 
adrenergic stunuli (electric current, BaClj, etc ) whereas the former are not 

Many adrenergic blockmg agents inhibit the glycenuc response to epmephnne, 
but other potent agents, notably Dibenamme and Pnscol, have httle effect on 
this response Among agents for which adequate data are ax ailable it is obvious 
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tliat inhibition of the glycemic response is very poorly correlated with the inhibi- 
tion of excitatory responses of smooth muscle In addition substances other 
than adrenergic blockmg agents (e g , postenor pituitary) are able to inhibit the 
h 3 T)erglyceiiuc response to epmephrme The fact that the antiglycemic action 
of ergotoxine is additive with that of postenor pituitary suggests that specific 
adrenergic blockade is not the basis for the observed inhibition 

The blockade produced by all major senes of adrenergic blacking agents is 
relatively specific for adrenergic stimuli Lack of specificity is manifested 
pnmanly by direct actions on vanous tissues Such direct actions may sen- 
ously mterfere with the use of these agents both in experimentation and m 
therapy, by producmg effects which cannot be readily differentiated from those 
of adrenergic blockade or by preventmg the administration of doses adequate 
to establish adrenergic blockade Direct actions of the natural ergot alkaloids, 
the benzodioxanes and the phenoxyethylammes on smooth muscle not infre- 
quently comphcate experiments or produce toxic reactions However, the most 
senous side-effects are those mvolvmg the central nervous system For ex- 
ample, all ergot alkaloids depress vasomotor centers and inhibit transmission of 
vasomotor reflexes through the bram stem in smaller doses than are reqmred to 
produce sympathetic blockade In addition, stimulation of the emetic center 
by the ergot alkaloids is responsible for the fact that "sympatholytic” doses of 
these agents cannot be tolerated by man Central nervous system stimulation 
13 also the most pronunent side-effect of the fl-haloalkylammes However, this 
has much less senous consequences than m the case of the ergot alkaloids because 
the adrenergic blockade produced by the ^-haloalkylammes far outlasts the 
central effects and the latter do not significantly mterfere with vasomotor tone 
or reflexes 

Little 13 knoivn regarding the finer mechanisms of action of any of the ad- 
renergic blockmg agents Evidence is available to mdicate that the j3-halo- 
alkylammes act through an alkylatmg reaction with cellular constituents, but 
nothmg 13 known conceimng the nature of these constituents or why their 
alkylation should prevent the contraction of smooth muscle or the secretion of 
exocrme glands m response to specific stimuh 

Present data mdicate that alterations m the destruction or transformation of 
the mediator tn mvo, and alterations m cell permeability are not important 
factors m adrenergic blockade A dynamic equihbnum between mediator and 
blockmg agent is characteristic of at least certam stages m the action of all types 
of compounds producmg adrenergic blockade However, the question why 
certain chemical structures and not others produce effective blockade remains 
unanswered 

The stenc antagonism of a pharmacologically active compound by a rela- 
tively inactive congener is a common observation and such a mechanism may 
be mvolved m the antagonism of one sympathomimetic amme by another 
However, almost insurmountable obstacles are encountered m efforts to explam 
the action of the more effective blockmg agents on the basis of a molecular simi- 
larity to the basic phenylethylamme structure of sympathomimetic agents 

All the most active and specific blockmg agents are found m senes 0?-halo- 
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alkylamines, yohimbine, ergot) where the relationship to phenylethylamine is 
the least obvious In the /3-haloaIkyIainme senes, benzyl and phenoxyethyl 
denvatives are active, but the phenylethylamine denvatives are almost com- 
pletely inactive The relationship of the benzodioxanes to phenylethylamine 
13 much less obvious than that of the phenoxyethylanunes, and yet the former 
blockmg agents are much more effective and specific than the latter Some 
workers have considered the presence of a phenylalamne residue in ergotamme 
to allow a structural compaiison with phenylethylarmne However, replace- 
ment of this radical by a non-aromatic ammo acid residue may mcrease rather 
than decrease blockmg activity, e g , ergokryptme Additional objections to the 
acceptance of structural similanty to phenylethylamme as a basis for most 
adrenergic blockmg activity may be found m the precedmg sections At the 
present time little is gamed by attempts to squeeze blockmg molecules into the 
phenylethylamme mold 

Discovery of the adrenergic blockmg activity of the /S-haloalkylammes and 
inudazohnes, and preparation of dihydroderivatives of the ergot alkaloids have 
done much to renew mterest in the field of adrenergic blockade No ideal 
blockmg agent is yet available, but compounds ivith improved specificity and 
potency are rapidly bemg developed m all three senes Future axpenmental 
and chmcal apphcations of these agents may be expected to yield new and 
valuable information on the normal and pathological physiology of the sympatho- 
adrenal system 
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Introduction The capacity of drug molecules to enter mto specific com- 
bmations with proteins poses for pharmacology its most fundamental task — to 
comprehend the mtunate nature of drug action in terms of these molecular in- 
teractions The great contributions of Clark and of Ehrhch, m their tune, 
shifted the focus from organism to cell But modem advances m enzymology, 
protein chemistry, microbiology and electron microscopy have made the cell 
appear gross and complex Modem pharmacology, of necessity, has also come 
to reckon in Angstrom units and to approacli its problems at the level where 
drug molecules exert their peculiar effects upon the molecular structure and 
function of living protoplasm 

Most drugs have been established, or can be surmised, to act by virtue of com- 
bination with speciabzed functional protems * To these proteins the vague 
term “reeeptors” has been assigned m the past, but then precise natures and 
roles are finally being clarified Ehrlich (79, 80), on the basis of his obsen'ations 
of dye affinity for tissue proteins and the remarkable specificities of antibody- 
antigen reactions, proposed that chemical combination of dings wth tissue con- 
stituents was the stne qua non of phamaacological action “Corpora non agunt 
nisi fixata " As he had hoped, the field of chemotherapy now provides most 
eloquent confirmation of this concept The “chemoreceptors” of parasitic or- 
ganisms prom to be protem enzymes, vital links in a metabolic cham, exquisitely 
sensitive to chemotherapeutic agents of precise specificity Thus the mode of 
action of all chemotherapeutic agents is bemg mvestigated currently at the molec- 
ular level In the field of general pharmacology the chohnesterase inhibitors 
are outstanding examples of drugs whose actions aie now understood in terms 
of specific interaction ivith a protem enzyme playing a special role m certain 
highly localized regions The vitamins, on the other hand, function as prosthetic 
groups to widely distnbuted enzymes Hepann ones its charactenstic effect to 
interference wth a complex system of interacting protems m the plasma and the 
evidence pomts toward a specific interaction \nth one or more of these protems 
Can it be seriously doubted that the barbiturates, the salicylates, morphme and 
its congeners, the cardiac glycosides, the curare compounds, the local anesthetics, 
the autonomic drugs will also proxe to enter into definite speciabzed relation- 
ships mth particular tissue protems? 

Cunously, the specificity of drug-protein interactions is often more apparent 
than real Drugs are m fact capable of forming a multitude of alliances ivith 

* Original investigations and other work incident to the preparation of this rovioiv wore 
generously supported by grants from the Division of Research Grants and Fellowships 
of the National Institute of Health, United States Public Health Service, and the Abbott 
Laboratories, North Chicago, Illinois 

• There are certain obvious, if trivial, exceptions, e g , saline cathartics and diuretics 
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the proteins of the body, some reversible and transient, others firm and persistent 
The key fits many locks but there is only one door! That smgle combination 
which 13 responsible for the “primary drug action” forces itself upon our attention 
If certam other mteractions also lead to obvious physiological changes we note 
that a “side effect” has occurred, and if such changes are detnmental we apply 
the term "toxic effect ” But the great bulk of drug molecules may enter mto 
“silent” combinations which, from the standpoint of therapeutic effect, seem 
irrelevant An example is the fixation of quinacrme to the liver, where its con- 
centration may be a thousand tunes that m the parasitized erythrocytes which 
are the sites of therapeutic action (163) 

Among these numerous secondary mteractions are those m which the plasma 
proteins participate Are these m any sense umque? Bennhold (11), whose 
many accomplishments m this field inll be reviewed m later sections, was led by 
his observations to the view that the plasma proteins constitute a specially de- 
signed transport mechanism for the regulated distnbution of naturally occurring 
and medicmal substances throughout the body "Blut ist die fliissige Trans- 
portform des Gewebes im tienschen Organismus ” Whether one accepts the tele- 
ological overtones of Bennhold's formulations one must recognize that the plasma 
proteins are mdeed endowed with remarkable reactivity, that associations of the 
most vaned kmd occur with the most diverse of chemical substances, and that the 
sojourn of such molecules m the body may be profoundly influenced by these inter- 
actions. Whether the protems of other tissues are equally versatile m their 
reactivities cannot be established at present Indeed, the difficulties inherent 
m studymg mteractions with the proteins of fixed tissues present a sharp con- 
trast to the readmess with which those of the plasma lend themselves to mvesti- 
gation Furthermore, the remarkable progress of recent years m the isolation and 
characterization of plasma proteins has provided considerable impetus to the 
study of these rather than other mteractions A major influence m this direction 
has been the large scale program of plasma fractionation through which mvesti- 
gators have been able to obtam standardized human plasma protem preparations 
of known homogeneity (47, 48) 

Consequently a resurgence of mterest in drug-protem mteractions is apparent 
among pharmacologists today, further stimulated perhaps by the demonstra- 
tion that m the climcal use of the sulfonanudes and pemcilhns these phenomena 
are of some practical importance Interactions have, m fact, been the subject 
of perennial mvestigation, for over half a century, by pharmacologists, physiol- 
ogists and chemists ahke But much of this work, in its apphcation to the 
livmg organism, was purely empirical m concept and execution and mconclusive 
m result Lackmg a clearly formulated theoretical onentation, it led as often to 
greater confusion as to greater clanty 

It will be the aim of this review not only to present a factual summary of some 
of the most significant studies on mteractions but also to set forth the author’s 
concept of a rational approach to the problem from the standpomt of pharma- 
cology A systematic collection of the pertment data obtamed m numerous 
mteraction studies will be presented m tabular form, but the work of -various 
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investigators will be cited m the text only when it bears directly upon the topic 
under discussion There will also be no attempt to exclude mteractmg com- 
pounds other than drugs when their consideration seems appropriate 

Methods of DEMoNSTRATma Interaction At least sLxteen different 
methods have been employed to demonstrate the presence of an mteraction be- 
tween drug and protein molecules but these rest upon only three basic pnnciples 

(1) The concentration of free drug and its thermodynamic activity are reduced, 
and its biological action may also be dimimshed Whether such effects are 
measurable depend upon their magmtude, and upon the sensitivity of the 
methods employed 

(2) The drug may show changed properties which can be measured with greater 
or less precision Some of these effects may also be attributed to reduction of 
thermodynamic activity 

(3) The protem component may be measurably altered ivith respect to its 
properties or behavior 

The several methods based upon each of these pnnciples iviU be discussed, 
showmg for each the kmd of results that can be obtamed, the conditions which 
must be observed, and the conclusions that can safely be drawn 

1 Methods hosed ujton reduction in free drug concentration 

a Biological action The observation that serum is capable of mterfering 
ivith the action of many drugs has often served as mitial stimulus to the study 
of drug-protem mteractions Busck (33), as early as 1906, reported on the inhib- 
itory effect of serum on the photodynanuc action and other toxic effects of 
certam dyes, usmg paramecia as test organisms He showed that serum not 
only mterferes with dye action but also alters diffusibihty, fluorescence or hght 
absorption, solubihty, and other properties These phenomena he attnbuted to 
the formation of dye-albumm complexes 

Storm van Leeuwen and his coffaborafors (245, 246) discovered that rabbit 
serum mhibits the action of pilocarpme and atropme on the isolated gut of the 
cat, serum alone produced no effect The alkaloids are not destroyed, as 
evidenced by their complete recoveiy on alcohol denaturation of the serum 
proteins 

Reduction of biological activity on the frog heart was used by McLean and 
Hastmgs (169) (after the techmque mtroduced by Trendelenburg (263)) as the 
basis of their classical quantitation of the serum bmdmg of calcium A similar 
quantitative analysis 13 embodied m the studies of Fawaz and Farah (86), 
and of Farah (85), on cardiac glycosides, usmg systohc arrest of the frog heart 
for the assay of free drug concentration m the presence and absence of vanous 
serum protein fractions 

More recently the inhibitory effect of alb umin on the hemolytic action of fatty 
acids has been employed as an mvestigative tool by Boyer, Ballou and Luck (24) 
Davis and Dubos (56, 58) studied the abohtion by albumm of the antibacterial 
action of oleic acid on the tubercle bacillus, and the bmdmg of diverse chemo- 
therapeutic agents has been examined m sunilar fashion 

This method is fundamentally sound from the pharmacological standpomt 



DBTJO-PROTEIN INTEEACnONS 


105 


provided the drug concentrations employed are -mthin the range to be ex- 
pected tn mo, and provided the protein concentration has not been artifically 
altered (e g , by dilution) If these provisions have been met one can then expect 
to detect an interaction i/ on ap-preciable fraclion of the total drug is bound to 
protem at the concentration mvestigated As bioassay methods are crude at 
beat it 13 probably safe to assume that unless the unbound drug concentration 
13 reduced by one-quarter to one-half, rehable results will not be obtamed. 
Furthermore the conditions must be such that the bmdmg is not disturbed by 
the detennmation itself For example, if a cardiac glycoside were three-quarters 
bound to plasma protem m a loose, reversible combmation, and the affimty 
of the drug for cardiac muscle were greater than for plasma protem, aU the 
drug might be rapidly removed from combmation and it would appear that 
none had been bound Agam, m the bioassay of pemcillm, prebmmary dilution 
m a protem-free solution results m rapid dissociation of the bound drug so that 
the original bmdmg is no longer evident m the assay Therefore while reduction 
of biological effect as a cntenon of mteraction may yield extremely useful 
information, especially if positive results are obtamed, mterpretations must be 
extremely cautious when “no bmdmg” is found The possibihty of direct effect 
of the protem upon the biological assay material must, of course, be ruled out. 

b Dialysis Confining the protem component withm a semi-permeable mem- 
brane through which unbound drug molecules can freely diffuse is one of the 
oldest and most direct methods of demonstratmg mteraction (184) At equilib- 
num the unbound drug activities on both sides of the membrane must be equal 
and any mcrement m the protem compartment is presumed to represent bound 
drug Outstandmg recent apphcations of this techmque are the studies of Klotz 
(138, 140, 141) on the bmdmg of amonic dyes and purme derivatives Provided 
the membrane (usually cellophane sausage casmg) is proved to be impermeable 
to protein and permeable to the drug in question, and that equihbnum is ac- 
tually attamed withm the penod of the experiment, the accuracy of the method 
IS determined wholly by that of the procedure for ascertammg the drug concen- 
tration This need not require simultaneous determinations m the aqueous 
and protem solutions for a method of differences can be employed, on the assump- 
tion that the observed loss of drug from the protein-free dialysate represents 
drug m combination noth protein (138) However, inaccuracies may result 
from irregular adsorption to the dial3r3i3 bag itself In the author’s expenence 
with methylene blue, such loss may not only be large (up to 20% of the total 
dye at low concentrations) but variable from bag to bag The Donnan effect 
must also be considered and appropriate corrections made m the case of lomc 
drugs, especially when the total lomc strength is low Indeed the same correc- 
tions apply to all methods wherem a portion of the aqueous phase is separated 
from the protem regardless of the presence of a physical membrane 
Bendien and Snapper (9, 10) employed a technique of differential dialysis, the 
pores bemg of such size that albumm molecules passed through but larger pro- 
teins did not This method is unweldy and unpredictable, and offers no real 
advantage over other currently available techmques 
Dialysis is emmently suited for quantitative studies, especially when an mter- 



108 


AVRAM GOLDSTEIN 


action la to be explored through a range of drug concentrations In this way 
nearly complete saturation of a protem with a given drug can often be achieved 
and information of prime physico-chenucal importance denved It is one of the 
few methods conducive to such quantitative work and it is thermodynamically 
sound On the other hand it does not yield accurate information about the status 
of an mteraction m the plasma tn mvo Even if whole plasma contaming the 
substance under study is dialyzed, physiological conditions iviU no longer obtam 
because of the dilution of the water phase If the drug-protem combmation is 
reversible, dissociation may occur and neither the amount bound per mole protein 
nor the fraction of total drug bound will necessarily reflect the state of affairs 
before the equihbnum was disturbed 

c UUrafilircUion This method (6, 8) differs from dial3rsi3 m that the water 
phase IS expressed through a semipermeable membrane by pressure and there is 
consequently no dilution of the system The techmque is appeahng m its 
simplicity and vanous types of apparatus have been descnbed (51, 147, 159, 
234) It probably approximates most closely the process of glomerular filtra- 
tion smce the hydrostatic pressures employed are usually of a raagmtude com- 
parable to the renal filtration pressure 

Bennhold (11) suggests that the labihty of a drug-protem bond is somehow 
connected with ultrafiltrabihty, that bonds which are not disrupted under milder 
conditions (electrophoresis, diffusion) may be broken by the pressure under which 
ultrafiltration is earned out In support of thus view he cites instances of ap- 
parently complete bmdmg m diffusion and electrophoresis axpenments of sub- 
stances which nevertheless appear m an ultrafiltrate If this view were correct 
ultrafiltration would yield little valid information aboui reversible reactions 
for it presumes that equilibria can be shifted by the conditions of filtration 
However, from the thermodynamic sttmdpomt the argument is palpably im- 
plausible An equihbnum can be altered m favor of dimmished bmdmg only by 
reducing the conceTiiraiton of a reactant or mcreasmg the dissociation constant 
of the complex Expression of the water phase with its dissolved drug does not 
accomplish the former, and the latter, depending as it does upon the rate at 
which molecules attach to and detach from the protem surface, could hardly be 
affected sigmficantly by the filtration pressure 

For precise quantitative studies the method is infenor to dialjrsis because of 
the contmually changmg protein concentration and accumulation of protem on 
the membrane surface The consequent errors, fully discussed by GroIIman 
(110), are m the opposite direction to those postulated by Bennhold Despite 
its hmitations, ultrafiltration is a fairly accurate mdicator of the extent of mter- 
action For convenient and rapid approximation of the fraction of drug bound 
m a serum sample it is invaluable 

d Conductivity and E M F measurements These methods are obv lously only 
apphcable to the study of electrolytes The E M F method lends itself beau- 
tifully to quantitatmg the mteraction of an ion that can be incorporated into 
the electrode system (e g , chlonde) but is othenvise inapplicable The studies 
of Pauli and Sch3n (187) and of Hayasida (117) on chlonde bmdmg by serum 
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proteuib illubtrate theie methods The determinations must be preceded by re- 
moval, so far as possible, of all extraneous ions, so that the use of buffers is con- 
sequently much limited. 

e Osmotic pressure, vapor pressure, surface tension, freezing point Although 
they have found bttle use, these methods are mentioned because they offer the- 
oretically \ahd possibihties for detectmg a reduction m the e.xpected thermo- 
dynamic actmty of a drug consequent to mteraction The method of osmotic 
pressure uas employed by Scatchard and his associates (220) for studymg the 
mteraction of chlonde inth serum albumm Lowenng of vapor pressure was 
the basis of some early e.xpenments on the bmdmg of chloroform m serum (173) 

Lecomte du Noiiy (148, 149) observed that bile salts lowered the surface ten- 
sion of serum only bnefly, the onginal value bemg restored over a period of sev- 
eral mmutes If the facts are to be interpreted, as he suggests, m terms of bile 
salt-protem mteraction, one must also accept the unusual slowness of the com- 
bination Employmg the same methods, Laporta (146) could not repeat these 
obsen ations Tayeau and Holland (255) made the cunous discovery that after 
e.xtraction of lipids, serum is able to antagomze the surface tension lowermg ac- 
tion of ten to fifty times as much bile salt as previously 

E-xcept for the obsenmtion of Moore and Roaf (174) that the freezmg pomt 
of serum was not depressed to the calculated degree by chloroform, no studies 
by this method have been reported 

f Differential adsorption A substance mteractmg mth plasma protem may 
fad to be adsorbed m the expected manner to some sohd adsorbant like charcoal 
Ehrstrom (81) used this fact to characterize the “adsorption power" of the plasma 
m health and disease He noted, for example, that whde congo red was removed 
by a gi\ en amount of charcoal to an extent not exceedmg 8% in normal plasma, 
the plasma of nephrotics and of cachectic patients wath neoplastic disease readdy 
gave up 50% or more of the dye 

The method has not been employed extensively nor is it more than a quah- 
tative mdication of the firmness of bmdmg However, it appears to be, m 
certam respects at least, a model of what occurs w hen a reversibly bound sub- 
stance 13 fixed by % anous tissue elements m the body This analogy was demon- 
strated by von Jancso (265), and earher by Schulten (227), who were able to 
show that the staimng of various perfused animal tissues by certam dyes was 
prevented by the addition of serum to the perfusate 

The process must endently be xuew ed as a competition for unbound molecules 
whose distribution between plasma protem and fixed tissue protem (or other 
adsorbant) depends upon their relative affimty for the two With the recent 
advent of speciahzed exchange resins and refined techmques of chromatographic 
adsorption, the method of mteraction anal3isis by differential adsorption may 
prove very useful 

2 Methods based upon alteration of drug properties 

a Solubility One of the simplest ways to demonstrate a drug-protem m- 
teraction is to show that a spanngly-soluble drug dissolves more readily m the 
presence of protem Drug is removed from the aqueous phase through combi- 
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nation so that at eqmhbnnm, when the trae solubility m the water has been 
reached, a considerably greater amount of total drug has apparently been dis- 
solved 

As early as 1904, Moore and Roaf (173, 174) demonstrated that chloroform, 
ether and other volatile compounds were more soluble m serum than m saline 
solution, a fact they attributed to mteraction with plasma proteins A simhar 
difference m solubihty is to be observed with ethylene and cyclopropane (183) 
(cf , however, p 137) Mercury salts were shown to dissolve much more readily 
m serum than m water (256) Recently it was demonstrated that certam sub- 
stituted naphthoqumones become more soluble m the presence of various plasma 
protem fractions. In this case mteraction was also demonstrated by a biological 
techmque and results by the two methods were m general agreement (124) 

It IS now obvious that all the naturally occurring hpid-soluble compionents 
of the plasma (cholesterol, fatty acids, steroid hormones, carotenoid pigments, 
water-insoluble vitamins) are m solution only by virtue of their close association 
with certam of the plasma globulins (49) 

Large solubihzmg effects are only to be noted with water-insoluble substances 
As most drugs do not fall mto this category the method of solubihty has not 
often been apphed to the study of drug mteractions 

b Diffusion Bennhold (11), re finin g the early work of Busck, employed a 
diffusion technique m the study of dye mteractions If an aqueous solution 
of a monodisperse dye is layered over gelatm the dye will diffuse at a predictable 
rate over a penod of several days The slower diffusion of albumm can also be 
detemuned It is found that many dyes m albumm solution do not diffuse at 
the expected rate but travel entirely with the albumm Paradoxically, a colloidal 
dye which fails to diffuse mto the gel from aqueous solution also travels with 
albumm This result is evidently to be attributed to a dual effect of the protein — 
dispersion of the colloidal particles on the one hand, and mteraction with the 
dispersed dye on the other Unfortunately Bennhold did not vary dye concen- 
trations through a wide range to determme the upper concentration hnut of the 
apparently complete bmdmg One may not conclude from these nxpenments 
that the dyes were irreversibly bound In prmciple the diffusion method is not 
very different from ultrafiltration, the gel performmg the function of a semiper- 
meable membrane which separates rapidly-diffusmg small molecules from the 
colloidal proteins 

c Stabilization Molecules which tend to undergo spontaneous breakdown 
m aqueous solution may be protected m the presence of plasma protem Such 
an effect, resultmg from interaction, has been demonstrated m the case of bili- 
rubm (3) It must be proved m eveiy case that no specific stabihzmg agent is 
present m the protem solution 

d Electrophoresis The refinements of the Tiselius apparatus, allowmg ac- 
curate identification of a number of protem moieties m plasma, ivith provision 
for samplmg as desired, affords the possibihty of determming with which mi- 
gratmg protem component, if any, a given drug is associated, and ivithm what 
concentration range each association occurs Precise quantitative relations be- 
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tween drug concentration and molar bmding ratio are not readily obtamed 
Bennhold employed this method as his pnncipal tool m the study of a great many 
mteractions When the substance m question is colored or fluorescent its mi- 
gration with one or another plasma component is particularly easy to follow 
This IS illustrated by the studies of Schubert (226) on nboflavm, and of Martin 
(164, 165) on bilirubm 

Lumtmg mterpretations to the particular conditions of the experiment and 
extendmg observations, when possible, over a concentration range are as impor- 
tant m electrophoresis as in diffusioa studies At low concentrations an mter- 
action may appear to mvolve a smgle protem exclusively and no free drug may 
be detected But at higher concentrations other proteins may participate or 
unbound drug may appear, migratmg mdependently of any protem peak Such 
behavior was observed by Rawson (201) m the case of Evans blue which com- 
bmed with albumm m a ratio of 8 moles dye to 1 mole albumm, and then began 
to associate with an a-globulm Schubert (226) found that nboflavm, which 
combmed mitially with a euglobuhn, also mteracted with a pseudoglobuhn at 
higher concentration 

e Speclropholomelry Some colored compounds imdergo pronounced changes 
m their absorption spectra upon combination with protem This effect has long 
been recognized m the case of various heme pigments actmg as enzyme pros- 
thetic groups The so-called “protem error” m the use of certam mdicator dyes, 
first discussed by Sorensen (240), is caused by an alteration m the usual color or 
mtensity as a result of dye-protem combmation The absorption peak is shifted 
(usually toward the red) or the magmtude of the peak absorption is altered (usu- 
ally di m i nish ed), or both Robinson and Hogden (208) showed that serum pro- 
duces both these changes m the spectrum of phenol red but their observations 
were largely confined to a narrow pH range near the pK of the dye (7 7) They 
observed that the protem effect is abolished m alkalme solution and thia has been 
confirmed m the course of mvestigations by the author (103) The mterpreta- 
tion of such influences of pH upon bmdmg will be discussed at length elsewhere 
(p 145). 

Klotz (136, 139, 140) made the fullest use of this method m studymg the bmd- 
mg of aiMsulfonamides and other amomc dyes Because spectral shifts i\ere 
large he was able to quantitate the data to obtam estimates of bound and un- 
bound dye m a smgle protem solution 

However, the protem mteractions of a number of dyes cause no spectral change 
An mterestmg hypothesis mtended to explam these differences m dye behavior 
was advanced by Hartley (116) but numerous unexplamed cases remam Meth- 
ylene blue was shown by the author (103) (dialysis method) to enter mto com- 
bination with albumm and other protem fractions but to display no spectral 
cha n ge m the visible region However, the substance displays two peaks m the 
ultraviolet, one of which (at 246 m>i) undergoes a sharp mcrease m magmtude 
with nsmg protem concentration Mhchaehs and Gramck (172) observed siim- 
lar differences between the behavior of visible and ultraviolet spectra of this and 
other dyes and proposed an explanation of the phenomenon Alterations of the 
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nation so that at equilibrium, when the true solubility m the water has been 
reached, a considerably greater amount of total drug has apparenlly been dis- 
solved 

As early as 1904, Moore and Roaf (173, 174) demonstrated that chloroform, 
ether and other volatile compounds were more soluble m serum tbnn m saline 
solution, a fact they attributed to interaction with plasma proteins A similar 
difference in solubihty is to be observed with ethylene and cyclopropane (183) 
(cf , however, p 137) Mercury salts were shown to dissolve much more readily 
m serum than m water (256) Recently it was demonstrated that certain sub- 
stituted naphthoquinones become more soluble m the presence of various plasma 
protem fractions. In this case interaction was also demonstrated by a biological 
techmque and results by the two methods were m general agreement (124) 

It IS now obvious that all the naturally occurnng hpid-soluble components 
of the plasma (cholesterol, fatty acids, steroid hormones, carotenoid pigments, 
water-insoluble vitamins) are m solution only by virtue of their close association 
with certain of the plasma globuhns (49) 

Large solubihzmg effects are only to be noted with water-insoluble substances. 
As most drugs do not fall mto this category the method of solubihty has not 
often been apphed to the study of drug mteractions 

b Diffusion Bennhold (11), refining the early work of Busck, employed a 
diffusion technique m the study of dye mteractions If an aqueous solution 
of a monodisperse dye is layered over gelatm the dye will diffuse at a predictable 
rate over a penod of several days. The slower diffusion of albumin can also be 
determmed It is found that many dyes m albumm solution do not diffuse at 
the mcpected rate but travel entirely with the albumm Paradoxically, a colloidal 
dye which fails to diffuse mto the gel from aqueous solution also travels with 
albumm This result is evidently to be attnbuted to a dual effect of the protem— 
dispersion of the colloidal particles on the one hand, and mteraction with the 
dispersed dye on the other Unfortunately Bennhold did not vary dye concen- 
trations through a wide range to determme the upper concentration limit of the 
apparently complete bmdmg One may not conclude from these experiments 
that the dyes were irreversibly bound In principle the diffusion method is not 
very different from ultrafiltration, the gel performing the function of a semiper- 
meable membrane which separates rapidly-diffusmg small molecules from the 
colloidal proteins 

c Slabilizalion Molecules which tend to undergo spontaneous breakdown 
m aqueous solution may be protected m the presence of plasma protem Such 
an effect, resultmg from interaction, has been demonstrated m the case of bili- 
rubm (3) It must be proved m every case that no specific stabihzmg agent is 
present m the protein solution 

d Electrophoresis The refinements of the Tiselius apparatus, allowmg ac- 
curate identification of a number of protem moieties m plasma, with provision 
for samplmg as desired, affords the possibility of determimng with which mi- 
gratmg protem component, if any, a given drug is assocmted, and withm what 
concentration range each association occurs Precise quantitative relations be- 
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It may be concluded that recovery of a drug from a protem precipitate sug- 
gests, but does not establish, its firm combination with native protem Failure 
to discover a drug m a protem precipitate is not evidence against interaction 
b Vtscostly, eleciropkoreiic mobility, sedimentation rate, and other properties. 
Certam mteractions which ultimately lead to coagulation may first produce more 
dehcate alterations m protem properties Increasmg viscosity appears to be an 
early stage m the denaturation process The mteraction of urea with serum 
sdbumin has been studied (22, 24, 70, 194) by foUomng such a viscosity change, 
which occurs well before any turbidity can be observed The process evidently 
takes place in two steps, only the first of w hich is readily reversible by a number 
of stabilizmg agents includmg fatty acid anions, and sulfate at high concentration 
Amonic detergents have been found to mteract with albumm, producmg com- 
plexes mth distmctue mobihty m an electnc field (156, 194-196), and similarly 
produced complexes were observed to sediment at an altered rate in the ultra- 
centnfuge (196) The mteraction complex contammg one atom of mercury and 
two molecules of albumm, reported by Hughes (131), sediments more rapidly 
than normal albumin The formation of this complex has been followed by 
changes m light scattenng and thekmetics of the reaction thereby analyzed (154) 
Although bmited to a special group of proteins, the measurement of enzyme 
activity or inhibition provides an extinordinanly sensitive method for the study 
of mteraction Furthermore, changes provluced by denaturants are usually de- 
tectable by loss of enzyme activity long before the appearance of altered physical 
properties 

c Stnlnlizaiion of protein The capacity of .i molecular species to prevent 
denaturation can be accepted as a entenon of mteraction provided direct com- 
bination with the denaturant can be excluded The method has been profitably 
explored in several investigations from the laboratory of J hi Luck (2, 22-25, 
70, 259) Fatty acids of varymg cham length w^erc employed as stabilizing 
agents for plasma albumin The progress of thermal as w ell as urea or guanidine 
denaturation w'as followed viscosimetncally, nephelometncally, and bj- ascer- 
taining the temperature at which gross coagulation occurred m a fixed time The 
stabilizmg effects of the interactmg compounds were so marked as to lead to im- 
portant new concepts heanng on the molecular requirements for interaction 
with plasma albumm Information of considerable practical value m the pres- 
ervation of human albumm for chmcal use also emerged from these studies 
Another mteresting example of stabihzation through interaction is provided 
from the field of enzymology, m the work of Koelle (144) who showed that human 
serum cholinesterase is protected against the denaturant action of di-isopropyl 
fluorophosphate by physostigmme, which is itself a reversible inhibitor of the 
enzyme 

Expression and Interpretation of Quantitative Ixtek-xction Data 

1 Binding capacity of the protein and tightness of the binding 
Considerable interest has centered m the findin g that manj drug-protem 
mteractions can be shown to follow an adsorption isotherm But much con- 
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ultraviolet spectra might prove very useful m mteraction studies were it not for 
the limitation imposed on the concentration of protein, whose o^vn absorption 
in this region soon interferes with the dye spectrum 

3 Methods based upon alteration of protein properties or behavior 

a Precipitation The titration of proteins by dyes has been used to deter- 
mme the available reactive groups on the protein molecule, m confirmation or 
extension of the results of acid and base titration (90, 199, 200) Experiments 
with synthetic detergents have yielded very similar results (41, 194, 196) The 
method generally entails addition of the reagent to complete precipitation of the 
protem, or back-titration of excess reagent after precipitation In either case 
the use of the method is limited to a particular group of apparently stoichiomet- 
nc, irreversible mteractions that ultunately denature the protem Useful m- 
formation may be obtained, particularly with regard to the molar combinmg 
ratio of the two components Heivitt (123) earned out such studies with serum 
albumin and the dyes eosin and rose bengal, findmg ratios of 20 and 34 (moles 
dye per mole albumin), respectively The pnncipal difficulty m mterpretmg 
such data is that the combining ratios thus obtained do not necessanly repre- 
sent the maxiraal bindmg capacity of the native protein In all likelihood they 
only mdicate the amount of dye required to neutralize the protem net charge to 
the point of insolubility 

Bound drug can sometimes be determined simply and directly m a protem 
precipitate Protem-bound lodme (4, 204, 205, 217), bdirubm m combination 
wth an a-globu!m (49), and the hpids and carbohydrates of plasma lipo- and 
glyco- protems (40, 49, 171) appear m precipitates of the respective protem frac- 
tions One mvestigator (271, 272) has claimed that thrombm-active euglobulm 
fractions contain firmly bound calcium but this is not generally accepted 
Among drugs, suramin (Bayer 205, Germamn) (20, 66, 168, 241), arsphenamme 
(179), and bismuthyl tartrates (5) have been recovered from protem precipitates 

The objection has been raised that the substance in question may not have 
been m combination with the native protem before precipitation (59) It is 
true that more elegant means of demonstrating mteraction are often to be pre- 
ferred but the evidence is clear, at least for naturally-occurnng substances, that 
those found m fractionated protem precipitates are also firmly combmed in vivo 
The tightness of the bmdmg should be, stressed here, for substances m easily 
reversible combmation ivill not be precipitated On the contrary, coagulatmg 
a protem usually abolishes its bmdmg capacity (11, 14, 15, 59, 85, 86, 113, 127), 
and bound drug is released This is why most routine chemical methods for de- 
termmmg plasma drug levels give estimates of total (bound and unbound) 
drug 

An mteresting illustration of these generahzations is to be found m the recent 
studies of Halpern, Dolkart and coworkers (115) Plasma contammg benzyl- 
pemcdlm (G) was fractionated by the method of Cohn ei al (48) and the frac- 
tions assayed for penicillin The drug was almost quantitatively recovered m 
the final supernatant despite its well-knoivn bmdmg to albumin in vivo Dis- 
sociation of reversible complexes therefore occurs dunng the preparation and 
washmg of precipitates, when the latter are undenatured 
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If it be assumed that all groups on a protein molecule capable of interacting 
have identical affini ties for the drug molecules and that the affimty of any group 
13 unaffected by the combination of drug molecules with other groups, several 
related equations can be derived from the mass law (137) 

P£ + X:?iP,X 
(P()(X) ^ 

IRX)' 

where (Pr) is the total concentration of free receptors (regardless of how many 
are earned by each protem molecule), (X) is the concentration of unbound drug, 
(PfX) 13 the concentration of combined receptors, and K is the dissociation con- 
stant Now let n be the number of receptor groups earned by each protem mol- 
ecule, and P be the molar concentration of total protem Then nP represents 
the total concentration of receptors, (PfX) (Pf) Substitutmg (Pf) = nP 
— (PfX), we find 

nP(X) - (PfX)(X) = K(PfX) 

[K 4- (X)l(PfX) = nP(X) 

Now let r be the moles drug bound per mole total protem, or (PfX)/P Then 

r = = ^(X) ( 1 ) 

P K -f (X) 

This 13 the expression that is identical m form with the Langmuir isotherm 

One important type of interaction experiment is designed to reveal the number of inter- 
acting groups on the protein, and the tightness of the binding, t e , n and K in Equation (1) 
Such experiments are based upon varying drug concentration and measuring the amounts 
bound at each concentration by one of the methods previously outlined To dlustrate 
clearly the results that can be expected when actual data are plotted in various nays, and 
the interpretation of such data, a hypothetical case will be analyzed Suppose an inter- 
action experiment in 0 69% albumin solution (1 X 10~* M/L), in which 10 binding centers 
per mole albumin are available to the drug under study Let the dissociation constant 
of the drug-albumin complex be 1 X 10"’ Assume we are able to vary the unbound drug 
concentration a thousand-fold 

Figure 1 shows the variation in r as a function of unbound drug concentration, a typical 
"adsorption-type’’ curve, asymptotic to 10, the maximal value of r The points are chosen 
at drug concentrations 0 01, 01,10 and 10 0 X 10"’ molar and the same symbols are used 
in this and subsequent figures so that points for high and low drug concentration can be 
readdy identified 

In Figure 3 the same data are plotted according to the method commonly employed 
for showing conformity to the Freundlich isotherm The expected linearity is obtained 
only at low concentrations, when the binding capacity of the protem is but little saturated 
The limit approached by the slope fiimi/o) at very low concentration is altcays unity, but 
with increasmg concentration it falls off Furthermore, the curve over any small concen- 
tration range would be very nearly linear These matters are well illustrated in the studies 
of Groll m a n (109) on the bmding of phenol red by various sera Varying concentration 
no more than twenty-fold, this investigator obtained linear log-log plots of different slopes 
with sera of various species Obviously his data for each serum fall on a different portion 
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fusion and not a few irrelevant conclusions have been based upon this simple 
fact 

As a result of his studies with charcoal Freundhch (91) formulated the rela- 
tionship 

- = 
m 

This 13 known as the Freundhch isotherm It states that at a given temper- 
ature the amount of a substance adsorbed (x) per weight of adsorbant (m) is pro- 
portional to some power (1/n) of the concentration of unadsorbed material (c) 
A number of mvestigators have expressed their interaction data m terms of this 
equation, usually plottmg the logarithm of \/m against the logarithm of c to 
obtam a straight line of slope 1/n, whose position on the axes gives k 

It IS important to note that the Freundhch isotherm is a purely empincal 
function It has no thermod 3 mamic vahdity and the constants are mthout 
special physical significance The simplest proof of its mcorrectness is the 
fact that it has no end-pomt It implies mfimte adsorption with mcreasmg 
concentration of solute, an absurdity smce the fimte adsorbant surface must ul- 
timately become saturated 

The Langmuir isotherm (145, 145a), on the other hand, is a theoretically 
valid expression of the facts of adsorption The equation is 

V = £ = 

m 1 , 

--be 

a 

where x/m and c have the same significance a* above, while a and b are con- 
stants whose values ctm be rationally mterpreted The equation correctly ex- 
presses the fact that, at veiy high values of c, the adsorbant becomes saturated, 
the whole term on the nght approachmg a limiting value b The Langmuir 
isotherm is entirely equivalent to the mass law equihbnum (cf p 113), the 
more usual form for characterizing the reversible association of two components 
A more mvolved treatment of multi-layer adsorption was proposed by Brunauer, 
Emmett and Teller (29), and has been applied to the bmdmg of water vapor 
by dry plasma (and other) proteins (32) 

It seems appropnate to restate an important pomt about adsorption pre- 
viously emphasized ivith considerable passion in an entertaimng review by 
Mathews (166) about twenty-five years ago If a substance is concentrated rever- 
sibly at a surface we say it is adsorbed The term is simply descriptive of this 
fact and does not unply anything about the nature of the responsible forces 
Therefore the mere finding that an adsorption isotherm is followed does not mean 
that the forces are physical rather than chemical m nature “There is no 
present justification for dividing mteratomic (or mtermolecular) forces mto 
-physical and chemical forces It is much more profitable to consider all such 
forces as stnctly chemical m nature " This statement, made over thirty years 
ago by Langmuir (145) , has its counterpart in the identity of his adsorption iso- 
therm with the law of mass action 
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If it be assumed that all groups on a protein molecule capable of interacting 
have identical affinities for the drug molecules and that the affimty of any group 
IS unaffected by the combination of drug molecules i\ith other groups, several 
related equations can be denved from the mass law (137) 

P, + X^P,X 
(Pf)(X) _ ^ 

■cprxr 

where (Pi) is the total concentration of free receptors (regardless of how many 
are earned by each protem molecule), (X) is the concentration of unbound drug, 
(PfX) 13 the concentration of combined receptors, and K is the dissociation con- 
stant Now let n be the number of receptor groups earned by each protem mol- 
ecule, and P be the molar concentration of total protem Then nP represents 
the total concentration of receptors, (PfX) -|- (P/) Substitutmg (Pt) = nP 
— (PfX), we find 

nP(X) - (PfX)(X) = K(PfX) 

[K -I- (X)1(P,X) = nP(X) 

Now let r be the moles drug bound per mole total protem, or (PfX)/P Then 

_ (PfX) _ n(X) 

P K + (X) 

This 13 the expression that is identical m form with the Langmuir isotherm 

One important type of interaction experiment la designed to reveal the number of inter- 
acting groups on the protein, and the tightness of the binding, t e ,n and K in Equation (1) 
Such experiments are based upon varying drug concentration and measuring the amounts 
bound at each concentration by one of the methods previously outlined To illustrate 
clearly the results that can be expected when actual data are plotted in various wajs, and 
the interpretation of such data, a hypothetical case will be analyzed Suppose an inter- 
action experiment in 0 69% albumin solution (1 X 10”‘ M/L), m which 10 binding centers 
per mole albumin are available to the drug under study Let the dissociation constant 
of the drug-albunun complex be 1 X 10“* Assume we are able to vary the unbound drug 
concentration a thousand-fold 

Figure 1 shows the variation in r as a function of unbound drug concentration, a typical 
‘adsorption-type’’ curve, asymptotic to 10, the maximal value of r The points are chosen 
at drug concentrations 0 01, 0 1, 1 0 and 10 0 X 10"’ molar and the same symbols are used 
in this and subsequent figures so that points for high and low drug concentration can be 
readily identified 

In Figure Z the same data are plotted accordmg to the method commonly employed 
for showing conformity to the Freundlich isotherm The expected lineanty is obtained 
only at low concentrations, when the binding capacity of the protem is but little saturated 
The limit approached by the slope Gimi/o) at very low concentration is always unity, but 
with increasmg concentration it falls off Furthermore, the curve over any small concen- 
tration range would be very nearly linear These matters are well illustrated in the studies 
of Grollman (109) on the binding of phenol red by various sera Varying concentration 
no more than twenty-fold, this mvestigator obtained linear log-log plots of different slopes 
with sera of various species Obviously his data for each serum fall on a different portion 
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fusion and not a few irrelevant conclusions have been based upon this simple 
fact 

As a result of his studies with charcoal Freundhch (91) formulated the rela- 
tionship 

- = ko‘'“ 
m 

This IS known as the Freundhch isotherm It states that at a given temper- 
ature the amount of a substance adsorbed (x) per weight of adsorbant (m) is pro- 
portional to some power (1/n) of the concentration of unadsorbed material (c) 
A number of mvestigators have axpressed their interaction data m terms of t.hta 
equation, usually plottmg the logarithm of \/m agamst the loganthm of c to 
obtam a straight line of slope 1/n, whose position on the axes gives k 

It IS important to note that the Freundhch isotherm is a purely empincal 
function It has no thermodynamic vahdity and the constants are without 
special physical sigmficance The simplest proof of its mcorrectness is the 
fact that it has no end-point It imphes infimte adsorption with mcreasmg 
concentration of solute, an absurdity smce the finite adsorbant surface must ul- 
timately become saturated 

The Langmuir isotherm (145, 145a), on the other hand, is a theoretically 
vahd expression of the facts of adsorption The equation is 



where x/m and c have the same sigmficance as above, while a and b are con- 
stants whose values can be rationally interpreted The equation correctly ax- 
presses the fact that, at very high values of c, the adsorbant becomes saturated, 
the w'hole term on the nght approaching a limitmg value b The Langmuir 
isotherm is entirely equivalent to the mass law equihbnum (cf p 113), the 
more usual form for characterizmg the reversible association of two components 
A more involved treatment of multi-layer adsorption was proposed by Brunauer, 
Emmett and Teller (29), and has been apphed to the bmdmg of water vapor 
by dry plasma (and other) proteins (32) 

It seems appropriate to restate an important pomt about adsorption pre- 
viously emphasized with considerable passion m an entertaimng review by 
Mathews (166) about twenty-five years ago If a substance is concentrated rever- 
sibly at a surface we say it is adsorbed The term is simply descriptive of this 
fact and does not imply auythmg about the nature of the responsible forces 
Therefore the mere finding t^t an adsorption isotherm is followed does not mean 
that the forces are physical rather than chemical m nature “There is no 
present justification for dividmg mteratomic (or mtermoleoular) forces mto 
physical and chemical forces It is much more profitable to consider all such 
forces as stnctly chemical in nature ” This statement, made over thirty years 
ago by Langmmr (145) , has its counterpart in the identity of his adsorption iso- 
therm woth the law of mass action 
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If it be assumed that all groups on a protein molecule capable of interacting 
have identical affinities for the drug molecules and that the affinity of any group 
IS unaffected by the combination of drug molecules unth other groups, several 
related equations can be derived from the mass law (137) 

Pi + X^P,X 


(Pi)(X) 

(PiX) 


= K 


where (Pf) is the total concentration of free receptors (regardless of how many 
are earned by each protem molecule), (X) is the concentration of unbound drug, 
(PjX) IS the concentration of combined receptors, and K is the dissociation con- 
stant Now let n be the number of receptor groups earned by each protem mol- 
ecule, and P be the molar concentration of total protem Then nP represents 
the total concentration of receptors, (P/X) + (Pi) Substitutmg (Pi) = nP 
— (PiX), wefind 

iiP(X) - (PiX)(X) = K(P,X) 


[K -1- (X)1(P,X) = nP(X) 

Now let r be the moles drug bound per mole total protem, or (PiX)/P Then 

. _ (PfX) _ n(X) 

P K -f (X) ^ ' 

This 13 the expression that is identical m form with the Langmuir isotherm 

One important type of interaction experiment is designed to reveal the number of inter 
acting groups on the protein, and the tightness of the binding, i e , n and K in Equation (1) 
Such experiments are based upon varying drug concentration and measuring the amounts 
bound at each concentration by one of the methods previously outlined To illustrate 
clearly the results that can be expected when actual data are plotted in various ways, and 
the interpretation of such data, a hypothetical case Mill be analyzed Suppose an inter- 
action experiment in 0 69% albunun solution (1 X KT* M/L), in which 10 binding centers 
per mole albumin are available to the drug under study Let the dissociation constant 
of the drug-albumin complex be 1 X 10"’ Assume we are able to vary the unbound drug 
concentration a thousand-fold 

Figure 1 shows the variation in r as a function of unbound drug concentration, a typical 
‘adsorption-type” curve, asjunptotic to 10, the maximal value of r The points are chosen 
at drug concentrations 0 01, 0 1, 1 0 and 10 0 X 10"’ molar and the same symbols are used 
m this and subsequent figures so that points for high and low drug concentration can be 
readily identified 

In Figure S the same data are plotted according to the method commonly employed 
for showing conformity to the Freundlich isotherm The expected linearity is obtained 
only at low concentrations, when the binding capacity of the protein is but little saturated 
The linut approached by the slope (limi/o) at very low concentration is always unity, but 
with increasing concentration it falls off Furthermore, the curve over any small concen- 
tration range would be very nearly linear These matters are well illustrated in the studies 
of Grollman (109) on the binding of phenol red by various sera Varying concentration 
no more than twenty-fold, this investigator obtained Imear log-log plots of different slopes 
with sera of various species Obviously his data for each serum fall on a different portion 
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fusion and not a few irrelevant conclusions have been based upon this simple 
fact 

As a result of his studies with charcoal Freundhch (91) formulated the rela- 
tionship 

- = 
m 


This IS known as the Freundhch isotherm It states that at a given temper- 
ature the amount of a substance adsorbed (x) per weight of adsorbant (ra) is pro- 
portional to some power (1/n) of the concentration of unadsorbed material (c) 
A number of mvestigators have expressed their interaction data m terms of this 
equation, usually plottmg the logarithm of \/m against the logarithm of c to 
obtain a straight line of slope 1/n, whose position on the axes gives k 

It IS important to note that the Freundhch isotherm is a purely empirical 
function It has no thermod 3 mamic vahdity and the constants are without 
special physical significance The simplest proof of its mcorrectness is the 
fact that it has no end-pomt It imphes mfimte adsorption with mcreasing 
concentration of solute, an absurdity smce the fimte adsorbant surface must ul- 
timately become saturated 

The Langmuir isotherm (145, 145a), on the other hand, is a theoretically 
valid expression of the facts of adsorption The equation is 


y = 


X 

m 


be 


1 

a 


-f c 


where x/m and c have the same significance as above, while a and b are con- 
stants whose values can be rationally mterpreted The equation correctly ex- 
presses the fact that, at very high values of c, the adsorbant becomes saturated, 
the whole term on the nght approachmg a hmitmg value b The Langmuir 
isotherm is entirely eqmvalent to the mass law equihbnum (cf p 113), the 
more usual form for charactenzmg the reversible association of two components 
A more mvolved treatment of multi-layer adsorption was proposed by Brunauer, 
Emmett and Teller (29), and has been applied to the bindmg of water vapor 
by dry plasma (and other) protems (32) 

It seems appropnate to restate an important pomt about adsorption pre- 
viously emphasized ivith considerable passion m an entertaimng review by 
Mathews (166) about twenty-five years ago If a substance is concentrated rever- 
sibly at a surface we say it is adsorbed The term is simply descnptive of this 
fact and does not imply anythmg about the nature of the responsible forces 
Therefore the mere findmg that an adsorption isotherm is followed does not mean 
that the forces are physical rather than chemical m nature “There is no 
present justification for dividmg mteratomic (or mtermolecular) forces mto 
physical and chemical forces It is much more profitable to consider all such 
forces as stnctly cheimcal m nature ” This statement, made over thirty years 
ago by Langmuir (145) , has its counterpart m the identity of his adsorption iso- 
therm ivith the law of mass action 
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If it be assumed that all groups on a protein molecule capable of interacting 
have identical affimties for the drug molecules and that the affimty of any group 
IS unaffected by the combination of drug molecules with other groups, several 
related equations can be derived from the mass law^ (137) 

Pi -b X^PiX 

(P.)(X) „ 

where (Pi) is the total concentration of free receptors (regardless of hovr many 
are earned by each protem molecule), (X) is the concentration of unbound drug, 
(PjX) is the concentration of combined receptors, and K is the dissociation con- 
stant Now let n be the number of receptor groups earned by each protem mol- 
ecule, and P be the molar concentration of total protem Then nP represents 
the total concentration of receptors, (PiX) -b (Pi) Substitutmg (Pi) = nP 
— (PfX), we 6nd 

nP(X) - (PiX)(X) = K(P,X) 

[K -b (X)1(P,X) = nP(X) 

Now let r be the moles drug bound per mole total protem, or (PfX)/P Then 

(PfX) _ n(X) 

P K + (X) 

This 13 the expression that is identical m form with the Langmuir isotherm 

One important type of interaction experiment is designed to reveal the number of inter 
acting groups on the protein, and the tightness of the binding, i e , n and K in Equation (1) 
Such experiments are based upon varying drug concentration and measuring the amounts 
bound at each concentration by one of the methods previously outlined To illustrate 
clearly the results that can be expected when actual data are plotted in various ways, and 
the mterpretation of such data, a hypothetical case wdl be analyzed Suppose an inter- 
action expemnent in 0 69% albumin solution (1 X 10~* M/L), in which 10 binding centers 
per mole albumin are available to the drug imder study Let the dissociation constant 
of the drug-albumin complex be 1 X 10“’ Assume we are able to vary the unbound drug 
concentration a thousand-fold 

Figure 1 shows the variation in r as a function of unbound drug concentration, a typical 

adsorption type" curve, asymptotic to 10, the maximal value of r The points are chosen 
at drug concentrations 0 01, 0 1,10 and 10 0 X 10”’ molar and the same symbols are used 
m this and subsequent figures so that points for high and low drug concentration can be 
readdy identified 

In Figure 3 the same data are plotted according to the method commonly employed 
for showing conformity to the Freundlich isotherm The expected linearity is obtained 
only at low concentrations, when the binding capacity of the protein is but little saturated 
The limit approached by the slope Ouui/n) at very low concentration is always umty, but 
with increasmg concentration it falls off Furthermore, the curve over any small concen- 
tration range would be very nearly linear These matters are well illustrated in the studies 
of Grollman (109) on the binding of phenol red by various sera Varying concentration 
no more than twenty-fold, this mvestigator obtained linear log-log plots of different slopes 
with sera of various species Obviously his data for each serum fall on a different portion 
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fusion and not a few irrelevant conclusions have been based upon this simple 
fact 

As a result of his studies with charcoal Freundhch (91) formulated the rela- 
tionship 

- = ko"“ 
m 


This IS known as the Freundhch isotherm It states that at a given temper- 
ature the amount of a substance adsorbed (x) pier weight of adsorbant (m) is pro- 
portional to some power (1/n) of the concentration of unadsorbed material (c) 
A number of investigators have expressed their interaction data m terms of this 
equation, usually plottmg the logarithm of x/m agamst the logarithm of c to 
obtain a straight hne of slope 1/n, whose position on the axes gives k 
It IS important to note that the Freundhch isotherm is a purely empirical 
function It has no thermodynamic vahdity and the constants are without 
special physical sigmficance The simplest proof of its mcorrectness is the 
fact that it has no end-point It imphes infimte adsorption with mcreasmg 
concentration of solute, an absurdity smce the finite adsorbant surface must ul- 
timately become saturated 

The Langmuir isotherm (145, 145a), on the other hand, is a theoretically 
valid expression of the facts of adsorption The equation is 


y = 


X 

m 


be 



where x/m and c have the same sigmficance us above, while a and b are con- 
stants whose values can be rationally mterpreted The equation correctly ex- 
presses the fact that, at very high values of c, the adsorbant becomes saturated, 
the whole term on the nght approachmg a limitmg value b The Langmuir 
isotherm is entirely equivalent to the mass law equihbnum (cf p 113), the 
more usual form for characterizmg the reversible association of two components 
A more mvolved treatment of multi-layer adsorption was proposed by Brunauer, 
Emmett and Teller (29), and has been applied to the bmdmg of water vapor 
by dry plasma (and other) proteins (32) 

It seems appropnate to restate an important pomt about adsorption pre- 
viously emphasized ivith considerable passion m an entertammg review by 
Mathews (166) about twenty-five years ago If a substance is concentrated rever- 
sibly at a surface we say it is adsorbed The term is simply descnptive of this 
fact and does not imply anything about the nature of the responsible forces 
Therefore the mere findmg that an adsorption isotherm is followed does not mean 
that the forces are ph)^cal rather than chemical m nature “There is no 
present justification for dividmg mteratomic (or mtermolecular) forces mto 
physical and chemical forces It is much more profitable to consider all such 
forces as stnctly chemical in nature " This statement, made over thirty years 
ago by Langmuir (145) , has its counterpart in the identity of his adsorption iso- 
therm with the law of mass action 
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If it be assumed that all groups on a protein molecule capable of interacting 
have identical affinities for the drug molecules and that the affinity of any group 
IS unaffected by the combination of drug molecules with other groups, several 
related equations can be denved from the mass law^ (137) 

P, + X^iiPrX 
(P/)(X) ^ 

iPTxT 

where (Px) is the total concentration of free receptors (regardless of how many 
are earned by each protein molecule), (X) is the concentration of unbound drug, 
(PxX) IS the concentration of combined receptors, and K is the dissociation con- 
stant Now let n be the number of receptor groups earned by each protem mol- 
ecule, and P be the molar concentration of total protem Then nP represents 
the total concentration of receptors, (PxX) -f (Px) Substitutmg (Px) = nP 
— (PxX), we find 

nP(X) - (PxX)(X) = K(PxX) 

[K + (X)1(P,X) = nP(X) 

Now let r he the moles drug bound per mole total protem, or (PiX)/P Then 

_ _ (PxX) _ n(X) 

P K + (X) 

This 13 the expression that is identical m form with the Langmuir isotherm 

One important type of interaction experiment is designed to reveal the number of mter 
acting groups on the protein, and the tightness of the binding, t e ,a and K in Equation (1) 
Such experiments are based upon varying drug concentration and measuring the amounts 
bound at each concentration by one of the methods previously outlined To illustrate 
clearly the results that can be expected when actual data are plotted in various ways, and 
the interpretation of such data, a hypothetical case will be analyzed Suppose an inter- 
action experiment in 0 69% albumin solution (1 X l(f'* M/L), in w’hich 10 binding centers 
per mole albumin are available to the drug under study l^et the dissociation constant 
of the drug-albumin complex be 1 X 10"* Assume we are able to vary the unbound drug 
concentration a thouaand-fold 

Figure 1 shows the vanation in r as a function of unbound drug concentration, a typical 

adsorption-type” curve, asymptotic to 10, the maximnl value of r The points are chosen 
at drug concentrations 0 01, 0 1, 1 0 and 10 0 X 10~* molar and the same symbols are used 
in this and subsequent figures so that points for high and low drug concentration can be 
readdy identified 

In F tgure B the same data are plotted according to the method commonly employed 
for showmg confonmty to the Freundlich isotherm The expected linearity' is obtained 
only at low concentrations, when the binding capacity of the protein is but little saturated 
The limit approached by the slope (limi/n) at very low concentration is always unity, but 
with increasing concentration it falls off Furthermore, the curve over any small concen- 
tration range would be very nearly linear These matters are well illustrated in the studies 
of Grollman (109) on the binding of phenol red by various sera Varying concentration 
no more than twenty-fold, this mvestigator obtxuned linear log-log plots of different slopes 
with sera of various species Obviously his data for each serum fall on a different portion 
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fusion and not a few irrelevant conclusions have been based upon this ample 
fact 

As a result of his studies with charcoal Freundhch (91) formulated the rela- 
tionship 

- = kc‘'" 
m 


This IS known as the Freundhch isotherm It states that at a given temper- 
ature the amount of a substance adsorbed (x) per weight of adsorbent (m) is pro- 
portional to some power (1/n) of the concentration of unadsorbed material (c) 
A number of mvestigators have expressed their interaction data m terms of this 
equation, usually plottmg the logarithm of x/m against the logarithm of c to 
obtam a straight hne of slope 1/n, whose position on the axes gives k 
It IS important to note that the Freundhch isotherm is a purely empirical 
function It has no thermodynamic vahdity and the constants are without 
special physical significance The simplest proof of its mcorrectness is the 
fact that it has no end-point It imphes i nfini te adsorption with mcreasing 
concentration of solute, an absurdity smce the fimte adsorbant surface must ul- 
timately become saturated 

The Langmuir isotherm (145, 145a), on the other hand, is a theoretically 
valid expression of the facts of adsorption The equation is 


y = 


X 

m 


be 



where x/m and c have the same sigmficance as above, while a and b are con- 
stants whose values can be rationally mterpreted The equation correctly ex- 
presses the fact that, at very high values of c, the adsorbant becomes saturated, 
the w'hole term on the right approachmg a limiting value b The Langmuir 
isotherm is entirely equivalent to the mass law equihbnum (cf p 113), the 
more usual form for charactenzmg the reversible association of two components 
A more mvolved treatment of multi-layer adsorption was proposed by Brunauer, 
Emmett and Teller (29), and has been applied to the bmdmg of water vapor 
by dry plasma (and other) proteins (32) 

It seems appropnate to restate an important pomt about adsorption pre- 
viously emphasized ivith considerable passion in an entertainmg review by 
Mathews ( 1 66) about twenty-five years ago If a substance is concentrated rever- 
sibly at a surface we say it is adsorbed The term is simply descriptive of this 
fact and does not imply anythmg about the nature of the responsible forces 
Therefore the mere finding that an adsorption isotherm is followed does not mean 
that the forces are physical rather than chemical m nature “There is no 
present justification for dividing mteratomic (or mtermolecular) forces mto 
physical and chemical forces It is much more profitable to consider all such 
forces as strictly chemical m nature ” This statement, made over thirty years 
ago by Langmuir (145) , has its coimterpart in the identity of his adsorption iso- 
therm with the law of mass action 
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If it be assumed that all groups on a protein molecule capable of interactmg 
have identical afiBnities for the drug molecules and that the afbmty of any group 
IS unaffected by the combination of drug molecules with other groups, several 
related equations can be denved from the mass law (137) 

P, + X;:iPiX 
(P/)(X) _ 

where (Pr) is the total concentration oifree receptors (regardless of how many 
are earned by each protem molecule), (X) is the concentration of unbound drug, 
(P(X) IS the concentration of combined receptors, and K is the dissociation con- 
stant Now let n be the number of receptor groups earned by each protem mol- 
ecule, and P be the molar concentration of total protem Then nP represents 
the total concentration of receptors, (PrX) -p (P/) Substitutmg (Pr) = nP 
— (PfX), we find 

nP(X) - (PfX)(X) = X(P,X) 

[K -f (X)](P,X) = nP(X) 

Now let r be the moles drug bound per mole total protem, or (PfX)/P Then 

_ (P/X) _ n(X) 

P K -f- (X) ^ ^ 

This IS the expression that is identical m form with the Langmuir isotherm 

One important type of interaction experiment is designed to reveal the number of inter 
acting groups on the protein, and the tightness of the binding, t e , n and £ in Equation (1) 
Such experiments are based upon varying drug concentration and measuring the amounts 
bound at each concentration by one of the methods previously outlined To illustrate 
clearly the results that can be expected when actual data are plotted in various nays, and 
the interpretation of such data, a hypothetical case will be analyzed Suppose an inter- 
action experiment in 0 69% albumin solution (1 X 10~‘ M/L), in which 10 binding centers 
per mole albuimn are available to the drug under study Let the dissociation constant 
of the drug-albumin complex be 1 X 10”’ Assume we are able to vary the unbound drug 
concentration a thousand-fold 

F igure I shows the variation in r as a function of unbound drug concentration, a typical 
“adsorption-type” curve, asymptotic to 10, the maximal value of r The points are chosen 
at drug concentrations 0 01, 0 1, 1 0 and 10 0 X 10”’ molar and the same symbols are used 
m this and subsequent figures so that points for high and low drug concentration can be 
readily identified 

In Figure 2 the same data are plotted according to the method commonly employed 
for showing conformity to the Freundlich isotherm The expected linearity is obtained 
only at low concentrations, when the binding capacity of the protein is but little saturated 
The limit approached by the slope (limi/a) at very low concentration is always umty, but 
with increasing concentration it falls off Furthermore, the curve over any small concen- 
tration range would be very nearly linear These matters are well illustrated m the studies 
of Grollman (109) on the binding of phenol red by various sera Varying concentration 
no more than twenty-fold, this investigator obtained linear log-log plots of different slopes 
with sera of various species Obviously his data for each serum fall on a different portion 
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of the true curve and apparent conformity to the Freundlich isotherm can oulj bo attnb- 
uted to the narrovi concentration range he eraploj ed 

Equation (1) can be rearranged in a number of ways for convenient plotting to yield 
values of K and n by extrapolation If reciprocals of r and (X) are plotted, as in E igxire 3, 
one obtains a straight line n ith slope K/n and intercept 1/n This form n ill be familiar to 
enzymologista as the Linen eaver-Burk plot (152) and its use in interaction studies is nell 
illustrated in Greenberg’s (106) revien of cation-protein interactions In this and the 
other figures the disproportionate weighting of points representing high and low drug 
concentration should bo noted Here a few low drug concentrations will outweigh many 
high ones The broken lines indicate the possible vanation resulting from a maximum 
error of ±1% in the determination of drug concentration The differing appearances of 
this vanation on the several plots should be especiallj observed 

In Figun i, (X)/r is plotted against (X), as in the investigations of Kloti (137, 138) 
Here the slope is 1/n and the intercept K/n In contrast to Figure 3, high drug concentra- 
tions here weigh especially heavily 

Figures represents the type of plot advocated by Scatchard (221a), in which the ordinal 
and abscissa! intercepts give, respectively, n/K and n 

In Figure 0 , 100 X r/n is plotted against log (X) When a negligible fraclion of the total 
drug IS bound the abscissae can be expressed as "log total drug concentration ” This 
13 then the familiar dose-response curve or, alternatively, the course of saturation of an 
enzyme by its substrate or inhibitor, the ordinates representing per cent saturation of 
available groups 

Regardless of the manner of rearrangmg the equation it will not accurately 
describe a situation which fails to conform to the principal underlying asump- 
tions 

(1) The mteraction must be leveraible and the data must be obtained at 
complete equilibnum 

(2) All groups must have the same affimty for the drug If certain groups 
react more avidly than others, dharp breaks m the vanous hnear curves will 
be obvious only if the affimties of the several species of receptor differ widely 
Although this question has been scantily explored, it seems very likely that af- 
fimty of drugs to vanous bmdmg centers does vary The data of Thimann and 
Rothschild (260) on the mteraction of indole-acetate mth plasma albumm suggest 
that the first mteractmg groups on each albumm molecule bind more firmly than 
subsequent ones Similar complex behavior might be expected m the case of 
chlonde and thiocyanate, under study at present by Scatchard and coworkers 
(221, 222) At eqmvalent concentrations 24 moles of thiocyanate but only 
6 moles of chlonde are bound to albumm If, as seems probable, the groups bind- 
mg chlonde are mcluded among those bmdmg thiocyanate, it might follow that 
thiocyanate bmdmg mvolves at least two species of receptors of different affin- 
ity This, however, has not yet been demonstrated 

(3) Systematic deviation of the data m the direction of reduced bmdmg may 
result from electrostatic repulsion, by mitially bound drug, of the approach of 
subsequent ions of the same charge Such effects, which may occur with multi- 
valent ions (and which can be corrected for), were observed by Klotz (138, 
140) m the case of di- and tn-sulfonated azo dyes 

(4) If drug concentration is not varied through a suflScient range the extra- 
polations will not even approximate the true maximum number of available groups 
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but Avill only show the number of groups readily available, t e , those wth high- 
est affinity for the drug molecules Such information is valuable but should 
not be misinterpreted 

(5) The quantitative methods described here are obviously only apphcable 
to mteractions inth purffied and homogeneous proteins of known molecular 
weight In view of the widely differing combmmg power of diverse proteins it 
IS e\tremely hazardous to attempt an estimate of molar bin din g capacity in 
the presence of even the smallest quantities of contaminant protein 

2 The ratio of bound to total drug 

In the foregomg discussion prime attention was focussed upon the protein 
molecule and the course of its saturation by an mteracting drug There is good 
reason to examine the problem also from the standpomt of the drug molecules 
and their partition between bound and unbound forms ’ This partition largely 
determines the degree to which pharmacological properties of a drug can be mod- 
ified by interaction with plasma proteins A further interest m this approach 
anses from the frequent inapphcabihty of the techmques at hand to the kmd of 
saturation expenments already described, either because of impurity of the pro- 
teins or because drug concentration cannot be smtably vaned 

It IS therefore desirable to know how maximal bmdmg capacity and tightness 
of binding determme the ratio of bound to total drug Bechhold (7) long ago 
stated the basic prmciple that large effects upon this ratio are to be observed, 
as a rule, only xvhen /eio of the available protem groups have been saturated, 
t e , at low drug concentration 

Equation (1) can be rearranged to yield an expression for the fraction 

bound dmg ^ which we shall designate by the symbol 
total drug 

(X) ^ K + OQ 
(PiX) nP 

B = CPtX) ^ L __ 

^ (P,X) -h PC) . , K (X) (2) 

He 

This equation states that the fraction bound depends upon the protem concen- 
tration, the drug concentration, the dissociation constant of the drug-protem 
complex, and the number of groups available for drug bmdmg on each protem 
molecule Either K or n, or both, may be affected by pH, lomo strength and 
temperature Consequently the values of these variables should always be re- 
ported 

• The term “free drug” la employed in two utterly unrelated contexts It is meant 
to distinguish a drug in its original state from the same drug after conjugation (e g , “free 
sulfonamide” as opposed to conjugated sulfonamide) It is also used to connote unbound 
as opposed to protein-bound drug While the latter sense would conform to general usage 
in physical chemistry, the former is well established in pharmacology It will probably 
lead to a minimum of confusion if the term “unbound” be uniforml3 adopted This con- 
vention will be followed throughout this paper 
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Figure 7 is the graphical representation of Equation (2), where /3 is plotted as 
a function of log (X)/nP for discrete values of K/nP For each particular 
drug-protein system a single one of these curves will apply, the abscissae bemg 
then proportional to the logari thms of unbound drug concentrations From 
the equation and figure, the foUoivmg behavior can be predicted 
(1) As the protem concentration mcreases, ^ also mcreasea toward umty 
Regardless of any other factors, aU mteractmg drugs should be completely bound 
at high enough protem concentration, but in real instances, when affiruty is low, 
such concentrations might be out of the question Conversely, dilution of a 
system containmg bound drug results m dissociation of the complex 
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(2) Drug concentration is crucial As it is mcreased more drug is bound per 
protein molecule, but at the same time the fraction bound decreases Inspection 
of the equation and figure shows that if the drug concentration is high enough 
essentially all the drug is unbound m a system held constant m other respects 
Conversely, as drug concentration falls, the fraction bound approaches a max- 
imum This maximum is not necessarily unity but is represented by the term 

r-h K/nP ^“^uentlyfor certain mteractions the maximal fraction bound, 

at very low drug concentration, may be extremely small while for others (e g , if 
< 01) the bmdmg may be practically complete The statement that a 
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given fraction of drug ts bound in the plasma is meaningless unless qualified by an 
indication of the unbound drug concentration at equilibrium If conclusions bearing 
upon pharmacological action are to be drawn, interaction studies must be earned 
out at therapeutic drug levels, for expeiiments at arbitrary higher levels will 
usually (but not necessanly) give underestimates of /? 

(3) The smaller the dissociation constant the tighter mil be the binding and 
the greater the fraction bound On the other hand the equation shoivs that a 
small K can be offset by a large (X), so that at high enough concentration es- 
sentially all of a drug mil be present in unbound form As noted above, if K 
is considerably smaller than nP, the whole term containing K becomes negligible 
This means that all drugs with very high alBnity should behave identically 
AfBnity differences w ill be obscured and fractional bmding will depend upon the 
drug concentration alone All such drugs will be completely bound at compar- 
ably low concentrations. 
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(4) Other things bemg equal, the greater the total numbei of receptor groups 
per molecule, the larger mil be the fractional bmdmg of interactmg molecules 
In Figure 8 the hypothetical interaction analyzed m the previous section is 
plotted m terms of /3 The curve, as was to be e.\pected, is identical with that 
of Figure 7 for which K/nF = 1, and the maximal bmding is 0 5 Frequently 
it IS only possible to investigate an interaction at low drug concentrations If, 
in such a case, tivo measurements at concentrations diffenng by a factor of ten 
give the same fractional bmdmg, it can safely be assumed that the maximal value 
of /3 has been nearly reached The system can therefore be charactenzed in 
certain important inspects, and the ratio Iv/n obtained, even though distinct 
values for each constant cannot be determined It is to be recogmzed that 
every interaction mil show an unchangmg, ma.\imal value of /3 below a certain 
drug concentration For e.\ample, the finding that chloromycetm is 45% bound 
to crystalhne bovme albumin through a considerable range of concentration, 
reported by Smith and his associates (238) as an anomalous findmg, should in 
fact have been expected, and could have been used to denve information of some 
quantitative value about the interaction 

Ficquently the concentrations of protem and of total drug are vaned simul- 
taneously to determine what molar ratio gives a certain constant effect Davis 
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and Dubos (56, 58) observed that expected antibacterial action could be pre- 
vented at several different concentrations of oleic acid and albumin provided the 
molar ratio oleic acid/albumin => 3 was not exceeded, while the ratio could 
be 9 when hemolysis was taken as an end-pomt The underlymg pnnciple in 
such experiments is that at the pomt of protection the unbound drug is at that 
concentration just insufficient to produce a particular effect Reference to 
Equation (1) shows that the only way (X) can remam constant as P vanes is for 
(PfX) to vary also by exactly the same factor This requirement can be ap- 
proximately satisfied only when practically all of a drug is m the form (PjX) 
The case becomes one of apparent stoichiometry, fallmg mto the category rep- 
resented by the uppermost curve of Figure 7 It is difficult to see why the molar 
combimng ratios thus obtamed should have any special significance They are 
certainly not to be confused with the maximal bmdmg capacity, n Nor is it 
likely that they represent a distmct class of bmdmg centers of high afifimty As 
the experiments cited above show, the molar combinmg ratio vanes mth the 
concentration of unbound drug taken as end-pomt, which m turn depends upon 
the sensitivity of the biological mdicator sytem If 50 or 100 groups on an al- 
bumm molecule were capable of mteractmg ivith oleic acid and all were of iden- 
tical affimty, the same molar bmdmg ratios might be obtamed under these con- 
ditions. 

It should perhaps be emphasized agam, m concludmg this discussion on the 
quantitative analysis of mteraction data, that all such attempts, mcludmg that 
presented above, are oversimplifications The doubtful vahdity of some of 
the assumptions has been pomted out Nevertheless these first approximations 
are better than none and often describe mteraction phenomena accurately enough 
to be of real value to the mvestigator 

SPEcmcrry of Interactions The cheimcal reactivities of the many plasma 
proteins differ as widely as their ammo-acid compositions and physical properties 
Drug molecules, m their mteractions with these proteins, obey the same laws as 
do other mteractmg substances devoid of pharmacological activity Any at- 
tempt to discover the nature of these laws of specificity must therefore embrace 
a wide variety of such substances, many of which do not fall mto the drug cate- 
gory Indeed, some of the most reveahng mvestigations have dealt with con- 
stituents of normal plasma, or with orgamc dyes of httle pharmacological m- 
terest 

Table 1 presents, m summary, the results of numerous mteraction studies 
In many cases the protem component was simply whole serum or plasma and no 
attempt was made to discover which proteins were responsible for the mterac- 
tion Many investigators, however, have sought this additional information 
by separation of the protem mto two or more “fractions” and observmg with 
which the substance under study specifically combined Such data cannot be 
mtelligently interpreted except ivith reference to the fractionation scheme em- 
ployed As different techmques may yield variant results a bnef digression 
into some techmeal aspects of protein fractionation will be necessary 
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given fraction of drug is bound in the plasma is meaningless unless qualified by an 
indication of die unbound drug concentration at equilibrium If conclusions bearing 
upon pharmacological action are to be drawn, interaction studies must be earned 
out at therapeutic drug levels, for cvperiments at arbitrary higher levels will 
usually (but not necessanly) give underestimates of ^ 

(3) The smaller the dissociation constant the tighter mil be the binding and 
the greater the fraction bound On the other hand the equation shoivs that a 
small K can be offset by a large (X), so that at high enough concentration es- 
sentially all of a drug will be present in unbound form As noted above, if K 
13 considerably smaller than nP, the whole term containing K becomes negligible 
This means that all drugs ivith very high affinity should behave identically 
Affinity differences m ill be obscured and fractional binding will depend upon the 
drug concentration alone All such drugs will be completely bound at compar- 
ably low concentrations 
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(4) Other thmgs bemg equal, the greater the total number of receptor groups 
per molecule, the larger will be the fractional bmdmg of interacting molecules 
In Figure 8 the hypothetical interaction analyzed m the previous section is 
plotted m terms of § The curve, as nas to be expected, is identieal with that 
of Figure 7 for which K/oP = 1, and the maximal bmdmg is 0 5 Frequently 
it 13 only possible to mvestigate an interaction at low drug concentrations If, 
in such a case, tw o measurements at concentrations diffenng by a factor of ten 
give the same fractional binding, it can safely be assumed that the maximal value 
of /3 has been nearly reached The system can therefore be charactenzed in 
certam important lespects, and the ratio K/n obtained, even though distinct 
values for each constant cannot be determined It is to be recogmzed that 
every interaction wiU show an unchangmg, maximal value of /? below a certain 
drug concentration For example, the Snding that chloromycetm is 45% bound 
to crystalhne bovine albumui through a considerable range of concentration, 
reported by Smith and his associates (238) as an anomalous finding, should in 
fact have been expected, and could have been used to derive information of some 
quantitative value about the interaction 

Ficquently the concentrations of protein and of total drug are vaned simul- 
taneously to determine what molar ratio gives a certam constant effect Davis 
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A general discussion of recent advances in the fractionation and characteriza- 
tion of the plasma proteins is obviously beyond the scope of this paper A brief 
resume, ba^ largely upon recent reviews by Edsall (78), Cohn (49), and Gibson 
(96), will sufBce to present the facts that are pertment to a discussion of mteract- 
lon specificity 

Human plasma is a circulatmg fluid tissue of some 3000 cc volume, containmg 
about 7 per cent (or 200 grams) of protem Over twenty-five distmct proteins 

TABLE la 

References to tnieracltons of dyes with •plasma proteins 


AZO DYES 
Amaranth (140) 

Aiorubm (11) 

Azosulfathiazole (138, 139) 

Azo Violet (11) 

Biebnch Scarlet (2(X)) 

Brilliant Congo Red (11, 127) 
Brilliant Vital Red (68) 

Butter Yellow (12) 

Congo Red (11. 81, 107) 

Diamine Blue (67) 

Diamine Red (67) 

Evans Blue (68, 107, 108, 201) 
Helgoland Yellow (11) 

Methyl Orange (11, 138-140) 
Niagara Sky Blue U07, 201) 
Niagara Sky Blue 6 B (107, 201) 
o-anuno-azo-toluol (12) 

Orange 1 and II (139) 

Salmon Red (11) 

Tropaeolin O (11, 200) 

Trypan Blue (62, 227, 231) 
TryTian Red (11, 62) 

NITRO DYES 
Naphthol Yellow (11) 

Picnc Acid (259) 

PHTHALEIN DYES 
Bromphenol Blue (123) 
Bromsulfalem (26, 212) 
Bromthymol Blue (123) 


Eosin (11, 123) 

Erythrosm (123) 

Fluorescein (33, 61, 62, 123) 
Alercurochrome (126) 

Phenolphthalein (123) 

Phenol Red (PSP) (62, 101, 109, 123, 161, 
162, 192, 202, 208, 212, 229, 239) 

Phloem Red (123) 

Rhodamm (11) 

Rose Bengal (11, 123, 211-213) 
Tetrachlorphenolphthalem (123) 
Tetrabromphenolphthalem (123) 

Thymol Blue (123) 

TRIPHENYLMETHANE DYES 
Acid Green (St Denis) (67) 

Acid Violet (St Denis) (87) 

Basic Fuchsin (126) 

Brilliant Green (126) 

Crystal Violet (126) 

Gentian Violet (67) 

Malachite Green (67, 126) 

Patent Blue (11) 

Victoria Blue (67) 

MISCELLANEOUS DYES 
Acridine Orange (67) 

Indigo Carmine (62, 193, 202) 

Lithium Carmine (62) 

Methylene Blue (6) 

Neutral Red (67) 


are represented, differmg m size, shape, composition, charge, solubihty and chem- 
ical reactivity They can be separated mto groups (“fractions”) by methods 
that are sensitive to one or another of the differences m physical properties As 
the pattern of similanties and differences is rather complex, those proteins fall- 
mg mto a given fraction m one method may be dispersed among several frac- 
tions m another 

In the order of increasmg solubility (e y , in ammomum sulfate), the usual cate- 
gories are fibrinogen, eu-glohulin, pseudo-globulin, albumin As the molanty of 
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salt chosen as boxindary between one fraction and the next is rather arbitraiy, all 
fractions obtained in this way are more or less contaminated with proteins of 
neighbonng fractions For example, the fraction precipitating between half- and 
fully-saturated ammonium sulfate consists of several albumins, and also contains 
certain globulins of similar solubility If a substance interacts spiecifically with 
one of the latter it would naturally be reported to combme with “albumin” A 
number of such instances can be found in Table 1, where subsequent study with 
purer proteins served to rule out albumin and implicate a particular globuhn 

In order of decreasing rate of migration toward the anode m an electnc field, 
the categones are albumin, ai- and «♦- globuhn, /3i- and fir globulm,fibrmogen, 7 i- 
aiid 7i- globulm Crude electrophoretic apparatus might only permit two frac- 
tions to be distinguished — rapidly migratmg “albumin” and slowly migrating 
“globulin ” Each component distinguished by electrophoresis contains proteins 
that happen to migrate at the same rate, but these need not share the same 
solubility properties A substance migratmg stnctly with albumm in an electnc 
field might be a pseudo-globulm m salt precipitation Bihrubm was observed by 
Bennhold (11) to migrate with albumin m crude electrophoresis Bendien and 
Snapper (10) had earlier reported that a portion of the bihrubm mteracts with 
certain globulins that are retained by a partially permeable ultrafilter The 
apparent anomalies in this typical case appear to be resolved by the recent dis- 
covery of a tightly-bound bdirubin-protem complex that precipitates as a pseudo- 
globulin and migrates as an oi-globulin on electrophoresis (49) Evidently 
similar considerations apply to all other fractionation methods (e g , ultracentnf- 
ugation) short of complete purification of homogeneous proteins 

The low-salt, low-temperature, ethanol method of fractionation represents a 
refinement of earlier solubility techniques, which has already yielded several prod- 
ucts of high purity, including fibrmogen, crystalhne albumm, and a metal-com- 
bmmg fii-globulin Preparations of y-globulms have also been produced but as 
numerous specific antibodies are represented it must be assumed that, at least from 
the standpoint of surface configurations, a vanety of proteins is present 

The remaining fractions are still mixtures but the components of each have 
been charactenzed in some detail The fractionation method and the full des- 
cnption of each fraction are to be found m Edsall’s review (78) and the earlier 
reports of Cohn and his associates (47, 48) To clarify those entries m Table 1 
that refer to the Harvard fractions, the nomenclature is set forth in condensed 
form m Table S 

Ftbnnogen The principal interaction of this protein ivith thrombin, m the 
complex clottmgmechanism, is evidently in the class of protein-protein interactions, 
which will not be discussed here No specific reactivity of fibnnogen with small 
molecules has been demonstrated, although certain substances are bound at 
concentrations higher than those required to demonstrate a primary mteraction 
wth another protein Certain substituted naphthoquinones, for example, inter- 
act ivith most fractions mcluding fibnnogen, but the complexes with the latter are 
appreciably looser than with the others (124) Methylene blue is bound by fi- 
brmogen, to a lesser degree than by most other fractions (103) Fibrm films bind 
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a number of dyes (233) but it has not been demonstrated whether soluble fibnno- 
gen would also react with them- The insigmficance of interactions with fibrmo- 
gen 13 further mdicated by the observation that the same mteraction data are 
generally obtamed in serum and m plasma 
y-globulins The y-globuhns appear to be mvolved almost exclusively in those 
highly specific protem-protem mteractions known as immune reactions Hydro- 
gen ion, certain alkah-earth cations (69, 106), and vanous denaturants evidently 
react with aU proteins, and the y-globulins (and fibrmogen) are no exception As 
in the case of fibrmogen, vanous substances that mteract mth more than one 
protem may be bound to y-globulm at high concentration But these are hardly 
to be considered specific mteractions The thermal denaturation of y-globulm is 
slowed by sucrose and glycine (46) but these are the only reported instances of 
mteraction with smitll molecules It must be concluded that these proteins are 


TABLE 2 

tfomenclalure of the Harvard fracltons* 


TXACnOIt 

UAJOl COUTOKZNT^ 

I 

Fibrmogen (175) 

n 

y globulins (180) 

UI-0 

^i-lipoprotein (180) 

III-l, 2, 3 

laoagglutinms, thrombin, plaamin, complement (C'l) 
(180) 

IV-1, IV-4t 

Various a- and ^-globulins, including an ori-lipoprotoin, 
at-glycoprotems, and several enzymes (252) 

IV-7 

Metal-combining ^i-globulin (109a, 251a) 

V-1 

Bilirubin-contaming cn-globulm 

V 

Crystalline albumin 

Albumin (mth about 3% globulm impurity) 


* After Cohn (49) 

t IV-2, 3 and IV-5, 6, 7 are aubfractiona of IV-1 and IV-4, respectively 


endowed with a low order of chenaical reactivity, as usually understood, and that 
the forces responsible for combmation with antigens are somehow unique Config- 
urational factors and surface charge distnbution presumably play a role (188) but 
the mtimate mechanisms are still poorly understood 
a- and ^-globulins- Punfication of most of the a- and yS-globuhns is far from 
complete but a characteristic pattern of mteraction specificity is begmnmg to 
emerge Most of the members of this group are either enzymes, or occur m the 
plasma as conjugated proteins carrymg smaller molecules m close association 
The enzjmies mclude thrombin, plasmm, several peptidases, amylase, lipase, 
alkahne phosphatase and choline esterase The specificity of their mteractions 
finds expression in chffermg affimties for vanous substrates and inhibitors The 
plasma cholmesterase, which proves to be an a-globulm appearmg m fraction 
IV -6, has a specific affimty for cholme esters as substrates and for carbamates 
of quaternary ammomum compounds related to chohne as inhibitors (102) Inter- 
action mth the inhibitors has been demonstrated not only by the classical methods 
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of enzymology but also by their ability to protect the enzyme against a specific de- 
naturant (144) The stabilizing action of plasma alb umin against heat denatura- 
tion of this enzyme (102) is probably to be attnbuted to protein-protein in- 
teraction In the same category would be the diastase-albumin interaction, 
demonstrated by electrophoresis (12) Each of the other enzyme globulins 
has its oivn pattern of substrate and inhibitor specificity reflecting, on the whole, 
rather precise requirements in molecular structure of the mteractmg compounds 
It 13 not improbable that some of these enzymes combine with metalhc or other 
prosthetic groups and there seems bttle reason to place such mteractions m a spe- 
cial category 

Several pigment proteins have been obtained A blue-green a-globulin is 
found in fraction IV-2 (49) Fraction III-O contains a blue pigment that may be 
hemocuprein and a pale yellow hematin-protem conjugate, neither of which is 
associated intimately with the lipoproteins (181) Fraction V-1 contains a stable 
complex of bilirubin mth an ot-globulm (49) Bilirubm also combmes wth albu- 
min but whereas the albunun complex is easily reversible (165), the globuhn com- 
pound cannot be dissociated by prolonged and repeated dialysis (103) This 
difference m ease of reversibility was first observed by Hoover and Blankenhom 
(130) i\ho found that the serum of patients with bihrubinuria (“obstructive 
jaundice”) yielded bilirubin m a dialysate while that of other jaundiced individ- 
uals ("hemolytic jaundice”) yielded none Nevertheless all the pigment in either 
case can be extracted with acid 50% methanol in the mdirect van den Bergh re- 
action (50, ICO) It also appears likely, as pointed out by Bennhold (11), that 
the non-dialyzable form of bilirubin can be excreted by the liver, implymg that 
the organ can split the complex, but this supposition has not been directly verified 

The inetal-combming /3i-globuhn m fraction IV-7 forms complexes wth iron, 
copper, and probably zinc, and evidently performs an important physiological 
function in iron transport (36, 96) The equihbna are shifted toward increased 
bmding by alkaline conditions (49) Macheboeuf (158) has proposed an mterest- 
ing model in explanation of the observed molar combmmg ratio m the copper- 
protein interaction 

Fraction IV-6 contains two or more glycoproteins whose properties had long 
been under discussion The carbohydrates, which mclude hexoseamme and other 
sugars, are firmly conjugated to the globuhn moieties (171, 252) 

Finally there are at least two hpoproteins, a large /3i-globuhn in fraction III-O 
and a smaller ai-globulm m fraction IV-l (78, ISO) These are found to contam 
75% and 35% hpid, respectively, mcluding steroids, phosphohpids, and other 
lipoid-soluble molecules occurrmg normally m the plasma (49) At least a por- 
tion of these are not readily extracted by ordinary hpid solvents, presumably 
because they are conjugated firmly to the carrier globuhns (40) Cholesterol 
and its esters are found m reversible combination with these lipoproteins (28, 49, 
170) and the specific interaction of plasma estrogen (estriol) with fraction III-O 
Ls also easdy reversible (19, 207) The carotenoid precursors of vitamm A are 
associated with the /3i-hpoprotem (11, 181) but the interaction of the vitamm 
itself has not been studied It can be assumed that steroid hormones other than 
estnol wU be found to mteract wth these same globuhns 
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There remain a group of compounds whose interactions with globulins have not 
yet been fully analyzed Shubert (226) studied vanous vitamms by a crude 
electrophoretic technique and concluded that riboflavin interacted primarily -with 
globulm (which proved to be a eu-globulin by solubihty behavior) Thiamme, 
on the other hand, displayed no affinity for either albumin or globulm, but its 
oxidation product, thiochrome, migrated with eu-globulm Bennhold (12) re- 
ported that nicotmamide migrated primarily wnth globulm, and at higher concen- 
tration also ivith albumm It is mterestmg to note that thiamme, which behaved 
so differently from the other vitamins, was studied at unphysiologically high 
concentration It is at least possible that further study might reveal an mter- 
action with globulm at low concentrations In view of the known role of these 
substances as enzyme prosthetic groups it would seem reasonable for them all to 
mteract with globulins 

Moore and Roaf (173, 174) showed that the volatile anesthetics ether and 
chloroform were more soluble m plasma than m sahne Aware of the possibihty 
that plasma lipids might be responsible, they demonstrated the mtegrity of the 
mteraction m “hpid-e\tracted” plasma, and consequently attributed the pheno- 
menon to protein mteraction It now seems evident that some hpoprotem re- 
mained mtact m these axpenments, and furthermore, the smallest molar com- 
binmg ratio that can be calculated from their data on chloroform is still absurdly 
large These facts and the high hpoid-solubihty of the volatile anesthetics make it 
appear probable that physical solution m the lipid component of the hpoproteins 
IS responsible, rather than a specific protein mteraction Haggard (114), subse- 
quently, could not confirm the above findmgs with respect to ether, in whole 
blood But the same considerations probably apply m the case of ethylene 
and cyclopropane whose solubilities are defimtely mcreased m the presence of 
plasma (183) The question could be settled by studies with purified proteins 
but this has not yet been attempted 

As reference to Table 1 will show, remarkably few drugs display a primary 
affimty for globulins It has been claimed that a number of colloidal dyes are 
precipitated preferentially ivith globulins (67) However, some of the same dyes 
have been shown repeatedly to mteract with albumm, and the validity of the 
experiments can be questioned on other grounds (21) Thorotrast (colloidal 
thonum dioxide) migrates exclusively with globulm (11) and displays a peculiar 
affinity for the reticulo-endothelial cells in the body Colloidal gold and silver 
salts, which also are taken up by the reticulo-endothelial system, are bound to 
plasma protein (265) but it has not yet been established whether the globulins 
are responsible All three bismuthyl tartrates mteract exclusively with cu- 
globuhns- (5) Arsphenamme is somethmg of a border-hne case which might 
lead to further understandmg of the minima l requirements for mteraction with 
globulins It IS bound primarily to globulm, but also to albumm (179), while the 
closely related neoarsphenamme mteracts only wnth albumin (11) The very 
large aromatic polypeptide trypanocide, suramm (Bayer 205), is tightly bound 
by the plasma proteins (143), and the evidence favors primary interaction wnth 
globulins (20, 66, 241) 

In summary, the a- and /S-globulms of the plasma mteract as enzymes with 
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of enzymology but also by their abihty to protect the enzyme against a specific de- 
naturant (144) The stabilizing action of plasma albumin against heat denatura- 
tion of this enzyme (102) is probably to be attnbuted to protein-protein m- 
teraction In the same category would be the diastase-albumm interaction, 
demonstrated by electrophoresis (12) Each of the other enzyme globulins 
has its own pattern of substrate and inhibitor specificity reflecting, on the whole, 
rather precise requirements m molecular structure of the mteractmg compounds 
It IS not improbable that some of these enz 3 rmes combine with metafile or other 
prosthetic groups and there seems little reason to place such mteractions m a spe- 
cial category 

Seveial pigment proteins have been obtained A blue-green a-globulin is 
found in fraction IV-2 (49) Fraction III-O contains a blue pigment that may be 
hemocuprein and a pale yellow hematin-protem conjugate, neither of which is 
associated intimately ivith the lipoproteins (181) Fraction V-1 contains a stable 
complex of bihrubm wnth an a-globulin (49) Bilirubin also combines noth albu- 
min but whereas the albumin complex is easily reversible (165), the globuhn com- 
pound cannot be dissociated by prolonged and repeated dialysis (103) This 
difference in ease of reversibihty was first observed by Hoovei and Blankenhom 
(130) who found that the serum of patients with bihrubmuna (“obstructive 
jaundice”) yielded biliiubin m a dialysate while that of other jaundiced individ- 
uals (“hemolytic jaundice”) yielded none Nevertheless all the pigment m either 
case can be extracted mth acid 50% methanol in the indirect van den Bergh re- 
action (50, ICO) It also appears likely, as pointed out by Bennhold (11), that 
the non-dialyzable form of bilirubin can be excreted by the liver, implying that 
the organ can split the complex, but this supposition has not been directly verified 

The inetal-combinmg /3i-globulm m fraction IV-7 forms complexes with iron, 
copper, and probably zme, and evidently performs an important physiological 
function in iron transport (36, 96) The equilibna are shifted toward mcreased 
bmdmg by alkalme conditions (49) Macheboeuf (158) has proposed an mterest- 
ing model in explanation of the observed molar combmmg ratio m the copper- 
protein mteraction 

Fraction IV-6 contams tivo or more glycoproteins whose properties had long 
been imder discussion The carbohydrates, which mclude hexoseamme and other 
sugars, are firmly conjugated to the globulin moieties (171, 252) 

Finally there are at least two hpoproteins, a large /3i-globuhn m fraction III-O 
and a smaller ai-globuhn m fraction IV-l (78, 180) These are found to contam 
76% and 35% hpid, respectively, mcludmg steroids, phosphohpids, and other 
hpoid-soluble molecules occurnng normally in the plasma (49) At least a por- 
tion of these are not readily extracted by ordinary hpid solvents, presumably 
because they are conjugated firmly to the earner globulins (40) Cholesterol 
and its esters are found m reversible combmation with these hpoproteins (28, 49, 
170) and the specific mteraction of plasma estrogen (estnol) with fraction III-O 
13 also easUy reversible (19, 207) The carotenoid precursors of vitamm A are 
associated with the /Si-hpoprotem (11, 181) but the mteraction of the vitamm 
itself not been studied It can be assumed that steroid hormones other than 
estnol will be found to mteiact with these same globulins 
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There remain a group of compounds whose interactions wuth globuhns have not 
yet been fully analyzed Shubert (226) studied vanous vitamins by a crude 
electrophoretic technique and concluded that nboflavin interacted pnmanly ivith 
globulm (which proved to be a eu-globulm by solubihty behavior) Thiamme, 
on the other hand, displayed no affinity for either albumin or globulin, but its 
oxidation product, thiochrome, migrated mth eu-globulm Bennhold (12) re- 
ported that nicotinamide migrated pnmanly vnth globulm, and at higher concen- 
tration also with albumm It is interesting to note that thianune, which behaved 
so differently from the other vitamins, was studied at unphysiologically high 
concentration It is at least possible that further study might reveal an mter- 
action -mth globulm at low concentrations In view of the known role of these 
substances as enzyme prosthetic groups it would seem reasonable for them all to 
mteract with globuhns 

Moore and Roof (173, 174) showed that the volatile anesthetics ether and 
chloroform were more soluble m plasma than in salme Aware of the possibihty 
that plasma lipids might be responsible, they demonstrated the mtegnty of the 
mteraction m “hpid-e\tracted” plasma, and consequently attributed the pheno- 
menon to protem mteraction It now seems evident that some hpoprotem re- 
mained mtact in these experiments, and furthermore, the smallest molar com- 
bmmg ratio that can be calculated from their data on chloroform is still absurdly 
large These facts and the high lipoid-solubihty of the volatile anesthetics make it 
appear probable that physical solution m the lipid component of the hpoproteins 
IS responsible, rather than a specific protem interaction Haggard (114), subse- 
quently, could not confirm the above findmgs with respect to ether, in w hole 
blood But the same considerations probably apply m the case of ethylene 
and cyclopropane whose solubihties are definitely mcreased m the presence of 
plasma (183) The question could be settled by studies with purified proteins 
but this has not yet been attempted 

As reference to Table 1 will show, remarkably few drugs display a pnmary 
affinity for globulins It has been claimed that a number of colloidal dyes are 
precipitated preferentially ivith globuhns (67) However, some of the same dyes 
have been shown repeatedly to interact wnth albumm, and the vahdity of the 
experiments can be questioned on other grounds (21) Thorotrast (colloidal 
thonum dioxide) migrates exclusively with giobuhn (11) and displays a peculiar 
affinity for the rebculo-endothehal cells m the body Colloidal gold and silver 
salts, which also are taken up by the reticulo-endothehal system, are bound to 
plasma protem (265) but it has not yet been established whether theglobulins 
are responsible All three bismuthyl tartrates mteract exclusively ivith eu- 
globulms- (5) Arsphenamme is somethmg of a border-hne case which might 
lead to further imderstandmg of the minimal requirements for mteraction wnth 
globuhns It IS bound pnmanly to giobuhn, but also to albumm (179), while the 
closely related neoarsphenamine mteracts only with albumm (11) The very 
large aromatic polypeptide trypanocide, suramin (Bayer 205), is tightly bound 
by the plasma proteins (143), and the evidence favors pnmary interaction with 
globuhns (20, 66, 241) 

In su mmar y, the a- and j3-globulms of the plasma mteract as enzymes with 
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certain small molecules meeting a rigid specificity requirement, and as carrier 
proteins m a number of tight complexes with diverse normal plasma constituents 
Certain water-insoluble compounds of physiological importance are bound more or 
less reversibly m fractions containmg lipoprotein The functional value of such 
arrangements in the transport of msolublc substances has been discussed at length 
by Bennhold (11, 12), Rothlm (216) and others (57) The very few drugs that 
have been proved to interact mth plasma globuhns contain heavy metals or are 
pooily soluble in water, or both 

Albumin That the plasma albumin shows the greatest diveisity of all the pro- 
teins in its capacity for interaction should be apparent from a cursory inspection 
of Table 1 A phenomenal array of substances foreign to the body, whether 
endowed with pharmacological activity or not, interacts with plasma proteins 
and (\vith few exceptions) all those that have been adequately studied prove to 
combine with albumin ’ To what common features, then, do so many different 
compounds owe their leactivity toward this protein and wliat molecular prop- 
erties enhance or dimmish affinity for albumin? 

Titration data provide an indication of the total acid- and base-combming 
capacity of plasma albumin and the actual numbers of ionic groups m the charged 
state at any pH (45, 224) These data are reasonably well confirmed by amino 
acid analysis, on the assumption that the sum of the diammo acids (lysme and 
arginine), histidme, and the terminal ammo groups is equal to the potential 
number of catiomc residues , and similarly that the sum of the dicarboxyhc acids 
(glutamic and aspartic), tyrosme, the terminal carboxyl groups, and possib'y 
cysteine, is equal to the potential number of anionic residues (after correction for 
aiiude-covered carboxyl groups) This leads to a figure of 109 catiomc and 120 
anionic residues, assuming a molecular weight of 69,000 (78) 

The addition or removal of hydrogen ion is an mstructive exercise because a 
titration is the elemental form of interaction experiment, yielding groups of 
different affinity (pK) as the pH is varied The umque feature of a titration is 
the range of concentration (of H+) explored — a range that cannot be dupheated 
with any other interacting molecule Veiy likely all lomo mteractions are to be 
regarded as competitions with hydrogen ion for the particular protein groups 
concerned 

The isoelectnc pomt of alburam is at pH 4 9 so that at pH 7 3 the molecule 
carries a net negative charge The early supposition that only cations would 
interact under these circumstances w as soon shmvn to be incorrect Ionic com- 
bination between groups of opposite charge occurs irrespective of the net charge 
on the protein, and a great many more anions than cations have actually been 
proved to mteract at physiological pH Some of these ionic combmations will 
now be reviewed from the standpoint of interaction specificity 

Interaction of the lower fatty acids (C 2 -C 10 ) is clearly favored by mcreasmg 
length of the hydrophobic carbon chain (2, 23, 25) This is not a function of acid 

• For the purpose of this discussion the evidence for the existence of more than one 
albumin will be disregarded 
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strength, which chfTi'ia but alightly among the compounds investigated The 
primary bond is presumably electrostatic but the resulting complex is probably 
stabilized by van der Waal forces through close approximation of the nonpolar 
residue to similar portions of the adjacent protem surface The exceedmgly 
strong bmding of oleic acid (56, 58} is entirely consistent with this picture 

Penicilhn interactions allow an extension of the same principle These com- 
pounds may be regarded as modified fatty acids containing a peculiar cyclic di- 
peptide as part of the long chain (59) Penicillin IC wnth the longest aliphatic 
cham (n-heptyl) shows the greatest affinity, followed, in turn, by dihydro-F 
(n-amyl), G (benzyl) and X (p-hydroxybcnzyl) (261) The difference between 
X and G can be attnbuted to the polar group of the former which is presumably 
attracted aw'ay from the protein toward the water phase 

The barbiturates are also substituted carboxylic acids with an intervcnmg nng 
between the anionic and substituent groups Ultrafiltration studies (100) show 
that bmding agam increases with cham length, in the order barbital < ipral < 
neonal < pentobarbital = amytal < ortal Compounds with cyclic side-chains, 
like phenobarbital, phanodom, cyclopal and evipal all have about the same affimty 
os neonal Allyl substituents confer somewhat greater affimty than the cor- 
responding saturated groups and thiobarbiturates are bound much more firmly 
than their oxy-analogues 

Bmdmg of sulfonamides to albumm increases m the order sulfanilamide = 
sulfacetmude < sulfapyndme < sulfadiazme < sulfathiazole < sulfamerazme => 
sulfamethazme, when the drugs are compared at the same concentration (lOmg %) 
(54, 53, 98) As each of the acetyl conjugates of these drugs is bound to the same 
degree as the parent compound (64, 65, 98), it may be inferred that the p-amino 
group IS not mvolved m the mteraction This is m stnkmg contrast to its role 
m antibacterial action, for acetylation abolishes or markedly diminishes this 
primary drug effect The wndely divergent afiimties of the sulfonamides might 
be attnbuted either to differences m acid strength or to specific influences of 
vanous rmgs upon the bond energy of the drug-albumm complex By analogy 
to the fatty acids, and to the experiments desenbed below, the latter explanation 
would appear more probable The equal bmding of sulfamlamide and sulfaceti- 
mide appears paradoxical smee the former is little ionized and the latter com- 
pletely lomzed at physiological pH, for it is hardly possible that the negatively 
charged SOj group plays no part m the primary combination (98) The facts can 
be mterpreted to show that sulfacetmude actually has considerably greater 
affinity for albumm than does sulfanilanude, since it is bound to the same degree 
despite its much lower effective ionic concentration 

A searchmg comparative study of 41 substituted sulfadiazines has been re- 
ported by van Dyke and his associates (264) The substituents were alkyl, meth- 
oxy and ethoxy groups, simple alkyl ethers, and hydroxy or phenoxy radicals 
Almost any substitution on carbon atom 4, 5 or 6 increased the bmdmg to albu- 
imn and substitution in position 4 or G was more effective than m position 5 
The affimties of the resulting compounds differed widely, from sulfadiazme it- 
self (/3 = 32, at 10 mg %) to 4-methyl, 6-phenoxy sulfadiazine (3 = 92) The 
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increased binding of sulfamerazine (4-inethyl) over the parent compound was con- 
firmed, as IV ell as the failure of a second methyl group m position b (sulfameth- 
azine) to enhance the bmdmg further There was no obvious relation between 
afiBnity for albumin and either solubility or acid strength noi was it obvious what 
kind of substituent most enhanced the bmdmg However, the acid strengths 
of most of the compounds were not determined so that the degrees of ionization 
remained unknown Consequently some of the data, based upon total con- 
centrations, may be misleading 

The influence of positional factors is brought out with great clanty by Teresi 
and Luck (259), who determined K and n for a senes of aromatic amons mter- 
actmg with bovine albumin Some molecular alterations were reflected m dis- 
tinct differences in the maximum binding capacity (n) of the albumin, but others 
produced a change m affinity (K) without affecting the value of n For example, 
25 moles of phenylacetate could be maximally bound per mole of albumin 
(K = 23 X 10“‘) but the maximum bmdmg capacity for phenoxyacetate was only 
7 (K = 1 35 X 10“®) The mtroduction of a smgle oxygen atom between the 
ionic group and the aromatic rmg makes 18 previously available groups no longer 
accessible At the same time the strength of bmdmg to the remaimng groups is 
sigmficantly mcreased Similar phenomena were noted with the nitrophenolates. 
When the nitro group was m the m- or p- position the value of n was 22 to 25, but 
in the o- position it was reduced to 6 That the ortho substituent actually 
abolishes the possibility of interaction vvnth 16 to 19 otherwise available groups 
IS made plain by the fact that a para substitution m the same molecule (2, 4- 
dimtrophenol) no longer has the usual effect, the value of n remaimng fixed at 6 
Nor does a third nitro-group (picrate) alter matters On the other hand albumm 
complexes vvnth di- and tn-mtro compounds have higher bond energies (greater 
affimties) than with the mono-substituted anions 

In a senes of lodiaated anions investigated by Smith and Smith (239), affinity 
for albumm decreased m the order hippuran > lopax > diodrast > neoiopax > 
skiodan Unfortunately the sequence entails several simultaneous molecular 
changes Between hippuran and neoiopax there is an mcrease from one to two 
iodine atoms, shift of a ketone group from a position near the carboxyl to the 
opposite end of the molecule, and finally (in neoiopax) a reduction m length of 
substituent carbon chain and appearance of a second carboxyl Although it is 
not clear to which of these structural differences the progressive diminution in 
binding is to be attributed, it is of some interest that the order of affinity might 
have been predicted from the general pneipJes elucidated m more complete inves- 
tigations of other anions Pnodax, contaimng two aromatic rmgs, would prob- 
ably be bound even more firmly than hippuran but its interaction with pure 
albumin has not yet been studied A direct comparison between hippuian and 
hippurate would be particularly revealing with regard to the specific influence of 
lodination 

The interactions of dyes have been extensively studied, pnncipally because it 
IS so simple to determme their concentrations Methylene blue was the first 
substance shown conclusively to mteract with a soluble protein (Bechhold, 1907 
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(6)) As one might expect, both acidic and basic dyes combine ivitb albumin 
only m their ionized forms (13) Indicators therefore only mteract in one 
colored form, but some (e g , phenol red) dissociate doubly, carrymg a charge m 
both forms The great number of permutations commercially available in 
each dye group provides an unparalleled opportunity for studymg the influence 
upon interaction afiBmty of molecular size, ring structure, character and position 
of lomc groups, various polar and non-polar substituents, and stenc factors But 
most interaction studies \nth dyes have been incidental to other problems, few 
systematic mvestigations having been directed toward the relation of affinity to 
structure among closely similar compounds A few of the more mterestmg 
mvestigations are mcluded m Table 1, and numerous other studies are indexed m 
Table la 

It has been suggested as a general rule that affinity is mcreased by large molecule 
size, particularly by aromatic rings which can contnbute sizable van der Waal 
forces to the bond energj' The rmgs should be planar to facilitate close approxi- 
mation to the protem surface, there should be no stenc hindrance to approach, and 
polar gioups should not be placed where their affinity for watei can oppose the 
protein affinity of the whole molecule (138-140, 230) 

These ideas emeiged from the elegant studies bj' Ivlotz on se\eral sulfonated 
azo dyes Orange I and 11 contain a smgle sulfonate group on a phenyl ring m 
the para position to the azo link, and a hydroxyl group on the naphthyl rmg In 
orange I this hydro ryl is para to the azo link but m orange II it is m the ortho 
position, where an mtramolecular hydrogen bond can be formed As the affinity 
of orange II is appreciably greater than that of orange I, Klotz concludes that a 
polar substituent diminishes affinity for albumin unless its position permits 
reduction of its hydrophihc character (139) Azosulfathiazole consists of a sulfa- 
thiazole molecule jomed through an azo Imk to a disulfonated naphthyl ring con- 
tammg an ortho hydroxy residue The curves obtained m saturation expen- 
ments mdicate mcreasmg difficulty of approach for successive molecules after 
albumm has bound the first few This is attributed to electrostatic repulsion 
resulting from the presence of more than a smgle amomc residue Nevertheless, 
this dye is bound about as firmly as methyl orange, which contains a smgle sulfo- 
nate group As the latter contains two phenyl rmgs and no naphthyl, the data 
are mterpreted to show that the larger molecular size and naphthyl ring of azo- 
sulfathiazole stabilize the dye-albumm bond despite the opposmg effect of the 
multiple charges (138, 139) Other examples of the enhancmg action of large 
aromatic rmgs on bmdmg to albumm are found m a pemciUm senes recently in- 
vestigated by Klotz (142) A bromophenylazo-hydroxybenzyl pemcillm was 
bound more strongly than pemcillm K, and a naphthylazo analogue showedeven 
greater affimty Likewuse, m the experiments of Thimann and Rothschild (260), 
a-naphthalene acetate was bound more strongly then indole-acetate On the 
other hand, amaranth, which contains tw o azo-hnked naphthyl rmgs, has three 
sulfonate groups, symmetncally placed on the outer edges of the molecule 
Despite the favorable rmg structure, this dye shows less affimty than azosulfa- 
thiazole and meth}'! orange (140) Klotz concludes that symmetneal charge 
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arrangements are, in general, detrimental to mteraction with albumin, for the 
reasons stated above 

Another example of the influence of symmetrical lomc groups is found in the 
studies by Rawson (201) on Evans blue and three related dyes Evans blue and 
trypan blue are tolidme dyes contaming two toluene nngs azo-lmked to two 
naphthyl nuclei, \nth two sulfonate groups on each of the latter Niagarasky blue 
6B and Niagara sky blue are diamsidine dyes, diffenng from the tolidme structure 
only in the replacement of methyl by methoxy m each benzenoid nng The 
difference between the first and second member of each pair hes who 1/ m the 
position of the sulfonate groups on the naphthyl rings In Evans blue and Niag- 
ara sky blue GB these are m positions 2 and 4, along one edge of the molecule, 
while in the other two they are m positions 3 and 6 There is no striking differ- 
ence between the binding of tohdmes and diamsidmes but both 2,4 sulfonates 
are bound very much more firmly than the more symmetncal 3 , 6 isomers Greg- 
ersen and Gibson (107) had made the earher observation that the absorption 
spectra of these dyes were also influenced by change in position of the sulfonate 
groups but not by the shift from methyl to methoxy m the phenyl nngs 
That symmetncal non-ionic substitutions have the opposite effect of increasmg 
affinity is shown by the behavior of a series of tnphenylmethane dyes Binding 
increased in the order basic fuchsm < malachite green < brilliant green < ciystal 
violet, these dyes diffenng by the progressive substitution of dialkyl-amino groups 
m the para positions of all three rmgs (126) 

Further pertinent mformation beanng on positional factors emerges from the 
recent work of Buedmg (30, 31) showing that 1 ,2 naphthoqumones are bound 
more completely than 1,4 naphthoquinones The introduction of an aliphatic 
side-chain in position 2 of a 1,4 naphthoquinone dumnished the extent of mter- 
action and further substitution of aliphatic groups in position 3 led to a greater 
reduction of affinity That the 1-4 edge of the molecule is pnmarily involved m 
the mteraction was clearly evidenced by the indifference of the binding to ah- 
phatic substituents m the 5-8 positions It might be predicted, however, that 
polar groups in the latter positions would dimmish the extent of mteraction 
The mteractions of alkaloids and other organic cations have not been investi- 
gated with sufficient attention to the factors determimng specificity The semi- 
quantitative work of Beutner (14, 15) showed that pilocarpine was moie firmly 
bound than other alkaloids studied It has also been shown that a number of 
alkaloids combine (with gelatin) only on the alkaline side of the isoelectric point 
(190), suggesting combination ivith anionic protein groups Interactions of 
alkaloids wnth pure albumin have not yet been systematically examined 

The cardiac glycosides are outstandmgly important drugs w'hose binding to 
albumin is not obviously of an lomc character Cholesterol and other steroids 
combine pnmanly with globuhns The bile salts, which contain additional hy- 
droxyl groups and an aliphatic carboxyl residue in position 17, combine primarily 
wth albumin (11, 49) The active pnnciples of the cardiac glycosides closely 
resemble both cholesterol and the bile acids, sharmg with the former its lack of a 
distinct lomzmg group, and with the latter their content of more than a single 
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hydroA'yl Like thebilesaltstheyareboundbyalbuminaadunlikeothersteroids 
they do not interact mth globulins (85, 112, 215) The unsaturated lactone in 
position 17 13 essential to the pharmacological activity but its specific influence on 
bmding affimty is unknown 

Most mvesbgators agree that a particular glycoside and its aglycone are 
bound to the same degree (85, 112) If this is correct, it follows that the sugar 
residue is of no importance in interaction, and the same must be true of the hy- 
droxyl m position 3, which is mvolved m the glycoside linkage (S3, 89) How- 
ever, few mvestigators have directed their experiments toward decisively settling 
this question Pairs of glycosides containmg the same aglycone and different 
sugars should be studied (e g , digitoxm and chgilanid A, k-strophanthin-/3 and 
cymann) as well as the corresponding aglycones themselves 

The most complete comparative mvestigation of binding showed that affimty 
decreases m the order oleandnn > digilamd B > digitoxm > k- or g-strophanthm 
>“digitalm” >digilan’dC > k-strophanthosid (112) As the vanous aglycones 
differ chiefly m the number and position of hydroxyl groups it would be mterestmg 
to correlate aflhiity for albumm with this smgle vanable No quantitative data 
on the bmdmg of pure aglycones are available, and the frequent use of impure 
mixtures has led to considerable confusion 

If the difference m sugar residue can be ignored, the greater binding of oleandnn 
than of digilamd B must be caused by the difference m a smgle group Oleandn- 
genm differs from gitoxigemn only in acetylation of its hydroxyl m position 1C, 
adjacent to the lactone nng (89) The marked reduction ofaffimtyfrom digilamd 
B to digilamd C (contammg the same sugars) may be caused by the shift of a hy- 
droxyl from position 16 to the exposed position 12, on the “upper” edge of the 
molecule It may also, however, be connected wnth the umque stenc arrange- 
ment (a) of the 3-hydrox-yl of digoxigenm which forces the sugars of digilamd C 
mto a different plane from those of digilamd B (89) Complete removal of the 
16-hydroxyl of digilamd B, yielding digitoxm, does not lead to enhanced binding 
but to a shght dimmution However, digilamd B contains a sugar not found in 
digitoxm 

Several mvestigators have observed that k-strophanthm is bound poorly or 
not at all (85, 127, 150, 182, 215), but as the methods employed w'ere biological 
(frog heart) a rapidly reversible mteraction might not have been detected Em- 
ploymg in vtlro techmque, Haarman (112) found that k- and g strophanthm 
were significantly bound but (as confirmed by Rothlin (215)) pure k-strophan- 
thosid was not If, as seems probable, the aglycone strophanthidin has a veiy 
low order of affimty for albumm, it must be attributed to the aldehyde group in 
position 10 The poor bmdmg of both strophanthidm and digilamd C would 
fieem to show a deterrent effect of polar substituents along the "upper” edge of 
the phenanthrene nucleus, reminiscent of an analogous effect in the dye orange I 
(pl4l) 

Further quantitative mvestigations of the cardiac glycosides and aglycones 
should not only clarify the influence of the sugars but should also reveal whether 
the lactone repiesents a pomt of primary attachment to albunun, and w hether 
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the albumm-aglycone bond is to be regarded as entuely non-ionic If the latter 
13 the case, vanation of pH and consequent alteration of charges on the protein 
shodld not affect the extent of interaction In this connection Hoekstra (127) 
claimed that the digitoxin-albumm combmation dissociated above pH 8 3, a 
finding not confirmed by subsequent investigators (85, 86, 113) 

Substances that apparently do not interact with plasma proteins For the rea- 
sons outlined in the discussion of methods, failure to obtam evidence of inter- 
action may often be the result of inadequate technique, particularly when the 
possibility of binding is not explored at low enough drug concentration An 
instructive example of this type of error is to be found in the work of Paget and 
Vittu (185), who sought to demonstrate the sulfamlamide-serum interaction by 
change m refractive index of a protein solution Appiirently because the method 
was not sensitive enough to small changes, concentrations of 250 to 500 mg % 
were employed Of course, no mteraction was detected because at these con- 
centrations t\io fraction bound is entirely negligible so that the change in refrac- 
tive index was essentially that to be expected from the total sulfanilamide con- 
centration 

There is general agreement (11, 224) that sodium aud potassium ions are not 
appreciably bound From solubility data (183) it is to be concluded that mtrous 
oxide is not bound m plasma, and the same is true of ether if Haggard’s (114) 
data are accepted over those of earlier workers (174) 

Urea is generally regarded as unbound in the plasma The electrophoresis 
studies of Bennhold (11) are offered m support of this view but they were ear- 
ned out at concentrations over 100 mg % On the other hand evidence m favor 
of mteraction under physiological conditions has been obtamed by three other 
investigators (153, 159, 214) while the denaturant action of urea on albumin at 
lugh concentration is w ell known (22, 24) 

The question of a reversible mteraction between glucose and plasma proteins 
must be left open Bennhold (11) was unable to observe any migration of glu- 
cose with either albumm or globulin m an electric field, but de Haan (60) claimed 
that m bovine serum about 25 % of the glucose is not ultrafiltrable Moreover, 
glucose compounds are found m the glycoprotein conjugates of fraction IV-C 
(171, 252) 

Streptomycm, like glucose, is highly polar, and mteracts weakly if at all Sev- 
eral investigators (142, 262) have been unable to observe bmdmg by physical 
methods but antibactenal potency is unquestionably reduced m the presence of 
albumm (122, 142) This suggests that bmdmg may be found only at concen- 
trations too low to determine by non-biological methods In explanation of 
these findings it has been proposed that the hydroxyls arrayed about the strepi- 
tidine rmg outweigh the expected electi ©static attraction of the charged guam- 
dme groups for amomc centers on the albumm (59) 

All but one of the porph 3 Tins mteract wth albumm (3, 11, 50, 97, 164, 165, 
210), while bilmibm (49, 165) and hematm (181) also form specific complexes 
wth globulins The coproporphyrms contain a smgle carboxyl group at the 
outer edge of each of the four nitrogenous rings, and these compounds migrate 
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with albumin Addition of four more carbo\yls leads to the uroporphynn struc- 
ture m which every reactive position on the penphery of the molecule is occupied 
by an lomc group The uroporphynns do not mteract mth either albumm or 
globulins (11, 97) 

The probability that strophanthidm and its glycosides do not interact with 
albumm has been considered above The failure to demonstrate any binding 
of thiamme has also been discussed It cannot be accepted as proved that this 
vitamm is entirely unbound at normal plasma concentrations It has been 
claimed that histamme and cholme do not mteract %vith plasma protems (14), 
but while they obviously are not bound as extensively as some other alkaloids, 
the possibihty of some interaction has not been adequately ruled out 

The location of binding sites on the 'protein surface Attempts to locabze in- 
teractions to specific reactive groups of plasma proteins ivere obviously out of 
the question until one of them had been completely purified and characterized 
with respect to content of ammo-acids and their acidic and basic dissociation 
constants A few bold thrusts at the problem have now been reported m con- 
nection ivith albumm mteractions 

Klotz (140) has found that the combmation of methyl orange and azosulfa- 
thiazole with albumm, as measured by spectral alteration, is constant as the pH 
IS varied between 5 and 9 but complete dissociation occurs between pH 9 and 
11 5 This corresponds very closely ivith the dissociation range of the eammo 
groups of lysme, histidme givmg up its protons at about pH 7, and arginme guan- 
idinuim groups re mainin g charged up to pH 12 6 It was therefore concluded 
that these dyes probably combme with the t-ammo groups of lysme It w as not 
obvious why the arginme groups should have been unavailable smce protamines, 
consistmg largely of arginme, mteract strongly with various sulfonates On the 
other hand, these dye mteractions yield a value of 22 for n, on the basis of which 
Klotz (138) had earher concluded that the combination was ivith argmme, smce 
the figure corresponded so closely to the total number of residues of this ammo- 
acid There are 59 lysme residues and if, as the pH variations now suggest, the 
dyes mteract with ^-ammo groups, only half of them must be involved This 
would raise the perplaxmg question why half the lysine ammo groups should be 
inaccessible 

The experiments of Teresi and Luck (259) with aromatic carboxyhc acids and 
mtrophenols led to values of n m two categones, some faUmg between 22 and 25, 
others between 6 and 9 The former corresponds, as stated above, with the 
number of argmme residues, but it is improbable that these amons would con- 
tmue to mteract up to pH 12 6 smce the small change from pH 7 6 to 8 2 led to 
a d iminish ed aflhuty m all those cases where the mteractmg compound itself 
was fully lomzecL Values of n between 6 and 9 correspond roughly to the num- 
ber of termmal a-ammo groups but it seems doubtful that these are specifically 
mvolved m the mteractions 

From the standpomt of an approachmg small molecule the mdividuahty of 
the separate ammo-acids is probably submerged m the totahty of the surface 
pattern of the protein Much as the doors and wmdows of a nouse cannot be 
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defined in terms of the characteristics of the component bricks, so may a specific 
binding site represent a new quality that is more than the sum of amino-acid 
residues The characteristics of each such site may depend not only upon the 
properties of its ionic groups but also upon those of neighbonng non-iomc resi- 
dues, and upon steric hindrances to approaching molecules, and surface config- 
urations affecting the strength of van der Waal forces If there is any truth 
m such a concept the occasional correspondence between a value of n and the 
number of residues of a particular ammo-acid must be regarded as fortuitous 
The nature of the binding sites would then have to be elucidated by methods 
considerably more refined than have yet been employed 

Phaumacological Significance op Drdg-photein Intlhactions Most 
drugs, at therapeutic concentrations, interact with one or more of the plasma 
pioteins Before any pharmacological significance can be attnbuted to these 
interactions, three fundamentally different possibilities must be considered 

(1) Drug bound to plasma protem is pharmacologically active 

(2) Only unbound drug is active but the drug-protem complex can penetrate 
to the sites of drug action, where special mechanisms transfer the drug 
molecule to receptor proteins 

(3) Only unbound drug is active or freely diffusible and the drug-protem com- 
plex 13 generally confined to the circulating plasma 

The first possibility can be dismissed at once Biological methods for the 
study of mteractions owe their usefulness to the dimmution of drug activity 
caused by interaction Microbiological techniques permit direct proof that the 
potency of an antibactenal drug m the presence of protem is exactly that of its 
unbound fraction, which can be independently estimated by a non-biological 
method The same proof is available for any drug whose potency is assayed 
agamst an isolated organ m the presence and absence of plasma protem 

The second possibility — that plasma protems act as earners for drugs — reqmres 
more senous consideration Bennhold (11, 12) observed that numerous sub- 
stances appeared to be completely and irreversibly bound at usual concentra- 
tions At a loss to explam how these compounds could diffuse out of the vas- 
cular channels, he proposed a theory of “directed transport” accordmg to which 
the earner proteins themselves escape from the blood stream and enter tissue 
cells There still remamed the problem of mtracellular hberation of bound drug, 
which could be resolved only by postulating special dissociation mechan i s m s m 
the vanous organs 

In support of this theoiy Bennhold cited axpenments of von Jancsd (265), 
Schulten (227), and Plattner (193) * These showed that under very limited 
conditions certain dyes and colloidal gold suspensions perfused through liver or 
kidney do not enter the cells of these organs unlil albumm is added to the per- 
fusion fluid One then observes prompt uptake by reticulo-endothelial cells m 
the liver, or excretion by the tubules of the kidney So many anomalous results 
complicated these axpenments that the investigators themselves were imwillmg 
to draw any general conclusions It is noteworthy that the results were obtamed 

« Incorrectly attributed to HOber and Titagew 
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with colloidal substances which are known to be disaggregated by albumin 
Certainly the conclusion that albumin combmes with the colloidal molecules 
and Carnes them over into the cells is not warranted 
Further support for the “directed transport” theorywasdrawnfrorathestudies 
of de Haan (62, 63) on the phenomenon of phagoc3rto3is, where there is good evi- 
dence that mgestion of particulate and colloidal matter is facilitated by protein 
But there seems little justification for extendmg these observations to other 
cells and physiological membranes 

Hoekstra (127, 128) found that protection against the toxicity of digitoxm 
for the frog heart was afforded by rabbit serum but not by frog serum, w'hile m 
the rabbit heart the efficacy of the Uvo sera was reversed It was concluded 
that the complex of digitoxm with homologous protein must enter the heart, a 
feat of which heterologous protem is mcapable These provokmg fin di n gs 
have not been confirmed by other mvestigators 
While the relative impiermeabibty of the glomerular membrane to protem 
seems well estabhshed (82, 202), certam capiUanes must evidently allow pas- 
sage to albumin molecules (96) The protem content of cervical lymph m dogs 
may be as high as 2 6% (217), most of which must have escaped from the vas- 
cular channels Gregersen and Rawson (108) attributed the disappearance of 
Evans blue from the blood stream to escape of albumin smce the dye is almost 
completely albumm-bound, and this disappearance is exceedmgly slow The 
well-devised experiment of Pfaff and Herold (191) also indicates a negligible 
escape of albumm When a mixture of green and blue dyes was mjected m- 
travenously m a rabbit and the mesentery observed microscopically, the green 
dye, which was completely bound to plasma protem, remained well confined 
withm the vascular channels, but the less completely bound blue dye promptly 
diffused mto the tissue spaces Only when severe inflamma tion was artificially 
mduced did the green dye appear beyond the capillary walls, presumably still 
attached to escapmg albumm molecules However, the ultimate mode of dis- 
appearance of the green dye from the blood stream w'as not mvestigated 
As the cham of logic that forced Bennhold to the theory under consideration 
originated m the apparent irreversibihty of a number of mteractions, the nature 
of the evidence for such irreversibihty will be reviewed bnefly 
If it IS sometimes difficult to demonstrate reversibility, it is almost impossible 
to prove irreversibihty Most drug-protem complaxes, as Table 1 shoivs, dis- 
sociate readily upon simple dilution or dialysis, because im appreciable concen- 
tration of unbound drug is m eqmhbnum with them When dissociation con- 
stants are_ small and drug concentrations low, apparently stoichiometric complexes 
are formed These, too, should dissociate readily whenever the equihbnum is 
disturbed by rapid removal of unbound drug, no matter how low its concentration 
However, such methods as ultrafiltration and electrophoresis that do not mark- 
edly alter an equihbnum would not permit the detection of unbound drug m such 
cases, and irreversibihty could neither be proved nor disproved Therefore Benn- 
hold’s frequent observation that aU. of a substance migrated electrophoretically 
with a protem fraction is not a valid basis for his conclusions about irreversibihty 
Even prolonged dialysis does not suffice to rule out simple reversibihty because 
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the rate of diffusion out of the bag is proportional to the concentration gradient 
across the membrane If extremely little unbound di ug were present none might 
be detected in the dialysate in any reasonable period of tune Heymann and 
Fieser (124), finding that the hydroxy-naphthoquinone M-1971 (at 116 mg %) 
did not dialyze out of albuuun, placed the bag m another albunun solution This 
should hax e trapped any dmg diffusing out, preventing back-diffusion As none 
appeared in the dialysate under these conditions it is fair to conclude that very 
little unbound drug was present However, even tins novel techmque does not 
overcome the objections stated above, and irieversibdity cannot be regarded as 
prov ed In the capillaries, or in direct contact with microorganisms, circulatmg 
plasma is exposed to so phenomenal a surface aiea for diffusion that conclusions 
about irre\ ersibilitj' based on dialysis might be entirely mvalid 

There ould appear to be at least two fairly rigid tests of reversibihty The 
drug-protein complex might be greatly diluted, followed by separation of the 
protein (e g , by ultrafiltration) and determination of drug concentration m the 
water phase after evaporation to the onginal volume, or by acisorption tech- 
mques Alternatively an adsorbent of high aflSmty for the drug might be m- 
troduced into the onginal solution containing the complex Kimmig and Wes- 
elmann (134) were thus able to show that a highly bound sulfonamide that could 
not be detected in an ultrafiltrate of plasma was easily removed by charcoal In 
either technique there must be assurance that the inlegnty of the protem is not 
destroyed 

The foregoing remarks are not intended to detract from the fundamental im- 
portance of Bennhold’s contnbutions to this field but only to indicate, with 
Rothlm (216), tliat a “vehicle function” of plasma protem cannot be accepted m 
the teleological sense of a specially-designed mechanism for directed transport 
of various substances, including drugs The means whereby the several glob- 
uhn conjugates are spht to make the molecule^ they cariy available for meta- 
bohe processes are not understood But the behavior of drug-protem complexes 
13 qmte compatible with mass law pnnciples and the mam effects of interaction 
upon the fate of drugs m the body can be analyzed ivithout recourse to special 
theones of transport or umque mechamsms of dissociation 

The pnmary effect of mteraction, then, as suggested m the thud possibility 
proposed at the beginmng of this section, is to confine drug molecules withm 
the blood stream m an inactive form, and thereby hinder their access to the sites 
of drug action, excretion and metabolism This concept is illustrated sche- 
matically m Figure 9 It was first formulated (m extension of Ehrlich’s ideas) 
by Storm van Leeinven (248, 249) who proposed that drugs combine not only 
with so-called dominant receptors responsible for pnmary pharmacological action, 
but also wnth numerous secondary receptors m the body tissues The effect and 
fate of drugs in vivo was considered to depend upon the distribution of drug mol- 
ecules between the dominant and secondary receptors In the plasma, the sec- 
ondary receptors were identified as the plasma proteins 

Drug excretion and diffusion Protein binding played a pivotal role m the 
development of current concepts of renal physiology, and the first proof of tu- 
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bular secretion (Marshall and Vickera (161)) rested upon the large discrepancy 
between the rapid rate of a\cretion of phenol red and its poor ultrafiltrabihty 
from plasma Subsequent studies led to thejionsistent result that the fraction 
filtered at the glomeruli corresponds to that ultrafiltered in vilro (162, 192, 229) 
That essentially all the dye is removed m a single passage of blood through the 
kidney (162, 235) despite the fact that 80% is m protem combination imphes 
that protem-bound molecules are fully available for tabular secretion, and also 
that such protem complexes can dissociate -with extraordinarj’’ rapidity * 



Fio 0 Postulated t^FLUENCBS or VAKiouaREVEE3rBLBlNTEBACTioNS,lNci.oDiNO Those 
WITH PLASiiA Proteins, upon Primary Drug Action 

The divergent effecta of mteraction upon glomerular and tubular excretion 
amply confirmed with numerous substances, are entirely reasonable As no 
dilution 13 entailed, the filtration of about one-fifth of the plasma water at the 
glomeruh does not disturb reversible equihbna Only when the plasma vol- 
ume 13 reconstituted m the lower nephron would bound drug be expected to 
dissociate But the rapid removal and excretion of unbound drug by the 
tubule cells would of necessity lead to dissociation of a drug-protem complex. 

The behavior of phenol red at the tubules is duphcated by penic illin G which 

‘ Whether all drug-protem complexes are capable of dissociating as rapidly is still un- 
knov**n but would seem unlikely Study of the kinetic aspects of both combination and 
dissociation should yield information of prime theoretical and practical importance 
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IS more than half bound to plasma protein (74), and by chodrast and hippuran 
(235) which aie less completely bound (239) That there is but a single mecha- 
nism of tubular secretion is evidenced by the competition of all these substances 
for excretion (157, 235) and it is of some interest that they also compete for at- 
tachment to plasma albumin (239) 

Obviously no valid statement can be made about the mechanism of renal ex- 
cretion of any substance without full knowledge of its fractional binding at the 
concentration employed It is incorrect to assume that a drug is filtered and 
lesoibcd, simply filteied, or filtered and secreted, on the basis of clearance wnth 
respect to that of muhn Clearance must first be calculated on the basis of 
ullraftllrable plasma concentration Fortunately, neither mulin nor creatinine 
appear to be bound appreciably at concentrations usual to clearance studies 

The sulfonamides, because of their low clearances, had been generally assumed 
to leave the plasma by glomerular filtration alone, but Lundquist (157) presents 
sound evidence that the filtrable fractions of sulfathiazole and sulfamethyl- 
thiadiazole are not large enough to account foi the clearances observed The 
conclusion that these drugs are partly excreted by the tubules is confirmed by the 
effects of diodrast and phlorhiziti, both of which reduce the sulfonamide clearance 
by about two-thirds, to the filtration level Caronamide, which inhibits the 
tubular excretion of other substances, was also mitially thought to be cleared 
solely by glomerular filtration but allowance for protem binding again per- 
mits the conclusion that some, at least, is excreted by the tubules (77) 

The mechanism of hepatic excretion is poorly understood but evidently, as at 
the renal tubules, both unbound and bound drug can be removed from the 
plasma Thus bromsulfalein, despite its high fractional bmding, is quanti- 
tatively excreted in the usual liver function test (211) Brauer (26) observed, 
however, that in perfused or sliced rat livers, the rate of uptake of the dye was 
much reduced by albumm 

Diffusion of drugs and other substances into the cerebrospinal fluid has been 
the subject of numerous mvestigations that are outside the scope of this review 
With respect to most diffusible molecules cerebrospinal fluid is generally re- 
garded as an ultrafiltrate of plasma (60, 61, 64) Davis’ (53-55,57) proof that 
this IS true of the sulfonamides and the practical therapeutic imphcations of his 
findmgs are too well known to require restatement here The diffusion of a 
number of dyes from the blood mto various body fluids is unquestionably hm- 
dered by protem binding (61, 62, 99, 108, 124, 191, 231) 

Plasma urate presents a cunously anomalous behavior, for despite an ultra- 
filtrable fraction of 80%, it appears in cerebrospinal fluid to only 6% of its 
total plasma concentration, and its renal clearance is correspondingly low (276) 

It IS postulated by Wolfson and his associates (277, 278) that about 70% of the 
total exists m some umque non-diffusible form, probably polymenc m nature, 
and some experiments on normal and azotemic chickens (151) lend support 
to this hypothesis If such a polymer exists the cerebrospinal fluid urate would 
presumably be m equilibnum with the monodisperse plasma urate It is not 
clear why the supposed polymer should pass so freely through an ultrafiltration 

membrane 
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Drug persistence Some drugs are selectively concentrated and stored m cer- 
tam organs, yet the process is obviously reversible smce they all slowly disappear 
from the body One wonders whether this binding to fixed tissues is not 
wholly compatible w'lth the pnnciples govermng reversible bmdmg in the plasma 
The effectu e mtracellular protein concentration m i arious organs (for example, 
the hver) is obviously considerably higher than would appear from a calculation 
of gross protem content If the affinity of these proteins for a drug is very great, 
“complete” bmdmg would be expiected to result, and the total amount that could 
be thus bound and stored would be roughly determmed by the mass of the organ. 
An extremely mmute circulatmg plasma le\el might then be in equilibnum 
with large amounts of drug so stored After a large smgle dose of such a drug 
one would expect a rapid disappearance from the plasma and axcretion mto the 
imne, fractional bmdmg bemg low while drug concentration is still high But 
the excretion rate should soon become neghgible while large amounts of drug 
re main m the body to be released very slowly from tight combination with 
fixed tissue and plasma proteins This description will be recogmzed as typical 
of the behavior of such substances as emetme, the orgamc aroemcals and anti- 
monials, qmnacrme, and suramm 

The case of sur amin 13 a particularly remarkable one Although there is no 
selective storage m any fixed tissue (20), the drug confers protection against 
trypanosomiasis for weeks to months after a smgle injection (167), and its actual 
presence m the plasma for this penod has been demonstrated (241) That it is 
firmly bound to plasma protem is well established but it is not entnely clear 
whether albunun or a globulin is pnmanly responsible (66, 143, 168) Spinks 
(241) has shown that mteraction depends upon the enormous molecular 
size, aromatic polypeptide structure, and termmal sulfonate groups, and that 
persistence, m a senes of related compounds, can be roughly correlated with af- 
fimty for plasma proteins It has been suggested that the colloidal nature of 
the molecule makes it mehgible for renal excretion (59) but such excretion does 
occur dunng the first few days after mjection (20, 241) 

The lodmated aromatic amon, pnodax, also persists m the plasma for months, 
apparently tightly combmed with protem (205, 206) To what extent differ- 
ences m the persistence of other drugs are also to be explained on the basis of m- 
teraction with plasma or tissue proteins cannot be decided from the meager 
data at hand. 

Chemotherapy The fact that suramm is therapeutically active despite its 
nearly complete bmdmg might seem paradoxical In Davis’ (59) opmion the 
contrastmg effectiveness of suramm and meffectiveness of pemcilhn K m plasma 
13 to be explamed on the basis of relative potency Qumacrme, for example, 
and related a min o-acndmes, are bound as much as 98% at therapeutic levels, 
the unbound 2% evidently sufficmg to inhibit plasmodial growth (254) The 
diamidmes are so highly bound m plasma that their antibacterial action is abol- 
ished (92), but they re main effective against trypanosomes The therapieutic 
action of naphthoqumones against plasmodia (124, 238) and schistosomae (30, 31) 
13 markedly reduced by plasma protem The impressive inhibition of growth 
of the tubercle bacillus by oleic acid is nullified by traces of albumm (5b, 58) 
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But penjciJbn G and sulfadiaanne are efifectn^e antibacterials despite fractional 
binding of more than 50% 

The variant and unpredictable influence of plasma protem binding upon the 
behavior of different chemotherapeutics toward a variety of organisms em- 
phasizes the -wisdom of avoiding generalizations in this field For example, 
the simple statement that protein bmdmg antagomzes the antibacterial action 
of penicilhn K obscures a possibly important therapeutic advantage This 
drug IS over 90% bound at concentrations considered adequate for other pem- 
ciUins (261) If the fractional bmdmgs were not much smaller at very much 
higher concentrations (cf Figure 7) a significant therapieutic advantage could 
be gained The unbound 10% ivould exert the desired antibacterial effect and 
the bound 90% ivould dissociate as excretion proceeded, to “buffer” the unbound 
jienicilhn level The plasma proteins would pronde a fle-able reservoir of pen- 
icilhn serving to damp otherwise rapid fluctuations of level It may be that if an 
effective unbound concentration can be mamtamed, the capacity for protem 
mteraction is to be desired in a chemotherapeutic agent 

Displacement of bound drug A surprisingly laige number of casual observations 
have been reported showing that substances mteractmg ivith plasma proteins can 
be partially or completely hberated by mtroduction of other substances mto 
the system The reports are summarized in the eighth column of Table 1 

In some cases there is obvious competition for bmdmg sites, as in the reduc- 
tion of anion bmdmg by alkali and of cation bmdmg by acid (178, 242) , or, con- 
versely, the displacement of titration curves when the character of the amon is 
varied (243) The depression of the bmdmg of one anion by another has also 
frequently been observed and may be of some practical importance m the use of 
buffeis for mteraction studies Phosphate, for example, mteracts with albumm 
and may displace other anions (2) Barbital (Veronal) sigmficantly depresses 
the bmdmg of phenol red (208) A number of carboxylic acids promote disso- 
ciation of complnxes between amonic dyes and albumm (140a) Hippuran and 
diodrast displace phenol red from its albumm combmation (239) 

There are other instances of displacement which can reasonably be attnbuted 
to competition between compounds that are known to compete for physiological 
receptors or that are structurally similar Atropme antagonizes the bmdmg 
of pilocarpme (14) Bile salts and saponm w'ere reported to split the digitaxm- 
albumm complex (127) but neither finding has been confirmed Carbamic ester 
inhibitors are displaced by acetylcholine from their combmation with the plasma 
cholmesterase (102) and flavoenzyme inhibitors are displaced by the enzyme 
prosthetic groups (121) 

There remam a numbei of curious cases where the relation between the antag- 
onistic substances is by no means evident The displacement of pilocarpine 
was effected not only by atropme, as stated above, but also by benzene, xylol, 
several phenols and guaiacol (which itself mteracted with serum) (14, 249) 

A senes of ahphatic alcohols and their esters had the same action, hexyl alcohol 
proving most efficient (16) (Cf the optimal stabilizing effect of Ct cai boxyhc acid 
(23)) 
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Bile salts were reported to liberate rose bengal, bromsulfalem and bibmbin 
from plasma combmation (212, 213) but this could not be confirmed, and glyco- 
cholate has smce proven ineffective as a displacing agent in several cases (85, 124) 
Hepann replaces cephalm m the combmation with thromboplastic lipoprotem 
(38, 39) The tightly bound naphthoqumone M-1971, that could not be liber- 
ated by clial 3 'sis, readily dissociated from albumin upon addition of isoamyl 
alcohol (124) 

Finally, ether, at anesthetic concentrations, was repoi ted by Storm van Leeu- 
isen (247) to dissociate the serum protein complexes of a number of alkaloids 
Dale (52) showed that the sensitivity of cats to histamme is increased ten-fold 
by ethenzation, an observation that might be explained by displacement of 
histamme from combination m the plasma However, there is still no good evi- 
dence that such a combination exists It has been reported reccntl 3 '' that ether- 
ization and dial-urethane both mcrcase the passage of sulfathiazole into the cere- 
brospmal fluid The mvestigators attnbuted the finding to vascular dilatation 
but noted that despite equivalent vascular changes chloroform does not duplicate 
the effect (257) The possibihty of dissociation of the highly bound sulfonamide 
from albumin imder the influence of ether was not comndered 

These numerous observations, not yet faffing into any intelligible pattern, 
pose stimulatmg questions for pharmacological study There are obviously 
occasions, in the normal or pathological state, when the concentration of a drug 
may be sufficient to displace other drugs or normal plasma constituents from 
their protem combmations If the fractional bmding of such a displaced sub- 
stance were imtmlly great, the effect of the displacement could be a sudden and 
substantial increase m the unbound plasma concentration It is not diffi- 
cult to imagme the possible dangers such episodes might piesent, but whether 
they really occur, undei what conditions, and with which competing drugs, is 
entirely imknowm 

Species and other differences in binding capacity That the serum of different 
species vanes considerably m the capacity to protect against drug effects has 
been appreciated for many years These differences have frequently been ob- 
sened with drugs known to be bound exclusively by albumm, so it may be 
inferred that chemical leactivity of the respective albumins is the pnncipal var- 
iant The supenor bindmg properties of rabbit serum tow ard vanous drugs has 
been almost universally noted Beutner (14) found the relative effectiveness 
of several sera in bindmg pilocarpme to be rabbit > goose > sheep > human > 
horse > bonne, while pig serum was as meffective as egg albumm Storm van 
Leeuwen (245) reported the sequence rabbit > cat = bovme > dog for the same 
compound In both studies the order of affimty was the same for other alkaloids 
as for pilocarpme In the bmdmg of cardiac glycosides Farah (85) found the 
order rabbit > dog > human > frog Kocian (143) studied the stabilizmg ef- 
fect of suramm against protem coagulation and reported the order carp > duck > 
human > horse > pig = bovme = rabbit > goose > chicken Recently Wendel 
(268) and also He 3 miann and Fieser (124) showed that naphthoquinone antimalar- 
lals are bound to a very different extent by duck and human plasma Moreover, 
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But pemcilhn G and sulfadiazine are effective antibactenals despite fractional 
binding of more than 50% 

The variant and unpredictable influence of plasma protem bmdmg upon the 
behavior of different chemothorapeutics toivard a variety of organisms em- 
phasizes the ivisdom of avoiding generalizations m this field For example, 
the simple statement that protein bmdmg antagomzes the antibactenal action 
of peniciflm K obscures a possibly unportant therapeutic advantage This 
drug IS over 90% bound at concentrations considered adequate for other pem- 
cillms (261) If the fractional bindings were not much smaller at very much 
higher concentiations (cf Figure 7) a sigmficant therapeutic advantage could 
be gamed The unbound 10% nould exert the desired antibacterial effect and 
the bound 90% would dissociate as excretion proceeded, to “buffer” the unbound 
penicillm level The plasma proteins would provide a flexible reservoir of pen- 
icillm servmg to damp otherwise rapid fluctuations of level It may be that if an 
effective uriboimd concentration can be mamtamed, the capacity for protem 
interaction is to be desired m a chemotherapeutic agent 

Dtsplacemenl of bound drug A surprisingly large number of casual observations 
have been reported showing that substances mteractmg with plasma proteins can 
be paitiaUy or completely liberated by mtroduction of other substances mto 
the system The reports are summarized m the eighth column of Table 1 

In some cases there is obvious competition for bmdmg sites, as m the reduc- 
tion of anion bmdmg by alkah and of cation bmdmg by acid (178, 242), or, con- 
versely, the displacement of titration curves when the character of the amon is 
varied (243) The depression of the binding of one amon by another has also 
frequently been observed and may be of some practical importance m the use of 
buffeis for interaction studies Phosphate, foi example, mteracts ivith albumin 
and may displace other anions (2) Barbital (Veronal) significantly depresses 
the bmdmg of phenol red (208) A number of carboxylic acids promote disso- 
ciation of complexes betii een amomc dyes and albumm (140a) Hippuran and 
diodrast displace phenol red from its albumin combmation (239) 

There are other instances of displacement which can reasonably be attnbuted 
to competition between compounds that are knoivn to compete for physiological 
receptors or that are structurally similar Atropine antagonizes the bmdmg 
of pilocarpme (14) Bile salts and saponm were reported to split the digitoxm- 
albumm complex (127) but neither finding has been confirmed Carbamic ester 
inhibitors are displaced by acetylcholme from their combmation ivith the plasma 
cholinesterase (102) and flavoenzyme inhibitors are displaced by the enzyme 
prosthetic groups (121) 

There remam a numbei of cunous cases where the relation between the antag- 
onistic substances is by no means evident The displacement of pilocarpine 
was effected not only by ati opme, as stated above, but also by benzene, x-ylol, 
several phenols and guaiacol (which itself mteracted with serum) (14, 249) 

A senes of ahphatic alcohols and their esters had the same action, hexyl alcohol 
proving most efficient (16) (Cf the optimal stabilizing effect of Cr carboxylic acid 

( 23 )) 
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The antibody globulins obtained by these techniques can be charactenzed as 
follows They react with the onginal antigen but the reaction can be blocked 
by the specific haptene employed, or by closely related compounds — i e , the drug 
used for sensitization mteracts specifically with the antibody In the mtact 
animal, or m isolated organs, the anaphylactic response can be elicited only once, 
if first blocked by the haptene drug it cannot be ebcited at all The extent of 
mteraction between antibody and compounds closely related to the haptene drug 
may vary considerably Gerber and Gross (95) showed that while cross-reac- 
tions occurred between sulfanilarmde, sulfacetimide, and sulfamlic acid and their 
respective antisera, the specificity did not extend to sulfathiazole, para-ammo- 
benzoic acid, or 2,4- mtroammophenol 

Although the obvious practical aim m studies of this type would be to obtain 
antibodies capable of neutralizing certam drug effects in vivo, few very success- 
ful outcomes m this direction have been reported Glutton and co-workers 
(43) presented evidence that antisera against thyroxyl-thyroglobulin protected 
rabbits against exogenous thyroglobulin or thyroxm, but no alteration of the 
normal basal metabohc rate was observed Butler and his associates (34) found 
that antisera against aspinn-protem complexes protected rats dramatically 
against the antipyretic action of aspinn when artificial fever was mduced Fell 
and his collaborators (87) observed slightprotection against the anaphylactic action 
of ovalbuinm m guinea-pigs and rabbits by an anti-histamme immune serum 
Smger (232) presented data purporting to show that the LDw for mice mjected 
with certam arsemcals was appreciably altered by an anti-arsemcal immune serum 
Hooker and Boyd (129) calculated the probable amount of antibody globulin 
produced m typical experiments of this kmd and show'ed the improbability of a 
titer high enough to neutralize any significant proportion of injected drug, un- 
less the drug were so highly potent that the therapeutic dose contamed relatively 
few molecules 

It IS difficult to understand how, if so drastic a coupling procedure as diazo- 
tization were required for the production of an antigen, such substances could 
ever arise in vivo, as they must, if drug allergy is to be explamed on this basis 
It 13 therefore highly sigmficant that m a few instances antigemc substances 
have been produced without diazotization Glutton, Hanngton and Ymll (42) 
startmg from the premise that both tyrosme and carbohydrate play significant 
roles m normal antigemcity, linked glucose to tyrosme and the latter through a 
peptide bond to protem Potent antisera to this conjugate were produced by 
rabbits when either horse albumm or globubn was used as earner A similar 
peptide-hnked antigen was successfully produced from the isocyanate of hista- 
mme, which was presumed to react wuth the lysme e-armno groups of horac glob- 
ulm (209) 

While the linkages betw'een haptene and protem seem more natural in these 
compounds than m the azoprotems, they are stdl far from the reversible bonds 
typical of drug-albumm complexes A closer approach to the latter is found m 
the observation that the Wassermann or Forssman haptencs become antigemc 
on simple contact with heterologous serum, no drastic treatment being required 



154 


AVRASr GOLCSTEIN 


the relative binding power of the two sera was different for each compound tested 
Most drugs are bound to about the same extent by human, bovine and horse 
plasma, a fortunate coincidence since these are the common sources of albumin 
for experimental work In general, however, the complete unpredictability of 
species differences and the variation of relative bindmg power mth different 
drugs dictate caution m transfemng mteraction data from one species to another 

Differences in the binding capacity of human plasma have been meagerly 
examined Farah (85) reported that m the bmdmg of digitoxm by the serum of 
normal subjects there were distinct differences that proved, upon repeated test, 
to be charactenstio of each subject 

Storm van Leeuiven (250, 251) claimed to have shoivn that the sera of asth- 
matics hypersensitive to aspirm had a dumshed binding power toward the drug 
as compaied ivuth normals and other asthmatics The data, however, do not 
show impressive differences 

The plasma proteins undergo profound alterations that disrupt the normal 
electrophoretic pattern, in a number of conditions, mcluding even so acute an 
episode as lobar pneumonia (111a, 279) It is well known that the plasma pro- 
teins are grossly disordered m such states as nephrosis, cirrhosis, myeloma, the 
collagen diseases, and vanous parasitic infestations In few of these has the 
bmdmg capacity of the plasma proteins been studied 

The abnoimal loss of congo red from plasma m patients ivith amyloid disease 
was regularly observed by Bermhold (11) In nephrotics without amyloid the 
bmdmg capacity of serum touard the dye was also substantially below normal 
It was subsequently shown that nephrotic serum has a depressed bmdmg power 
toward many other substances and that this depression is disproportionate to 
the decrease m plasma albumin 

The possibihty that impairment of the bmdmg capacity of plasma protems 
may be a sigmficant factor in many diseases or may play a part m imusual sen- 
sitivity or resistance to drugs has not yet been systematically mvestigated 

Drug allergy The vexing question of drug allergy appears to be closely con- 
nected with protein mteractions m general FolJoivmg Landstemer’s method of 
producmg antigens by coupling foreign substances to proteins through diazo 
linkages, a number of mvestigators have succeeded m producmg artificial drug 
antigens and obtammg specific antibody responses from experimental animals 
Over twenty years ago Mayer and Alexander (I70a) did this successfully wth 
atoxyl and smce then the experiment has been rejjeated m standard form wth 
ammopyrme and related compounds (176, 177, 218), strychnme (129), epme- 
phrme (269, 270), aspirm (34), histamme (87, 209), organic arsemcals (232), 
tyrosme (42), thyroxme (43), sulfonamides (95), and probably others The 
dnig, coupled firmly to protem, is mjected over a penod of several weeks into a 
test ammal The resulting antiserum can then be titrated by a precipitin reac- 
tion agamst the ongmal antigen, or the anaphylactic response of the whole 
immumzed animal or of its isolated organs can be elicited The protem employed 
as antigen need not be heterologous In some cases only albumins were suitable 
as antigens, punfied globulms givmg wholly negative results 
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The antibody globulins obtained by these techniques can be charactenzed as 
follows They react ivith the original antigen but the reaction can be blocked 
by the specific haptene employed, or by closely related compounds — t e , the drug 
used for sensitization interacts specifically with the antibody In the intact 
ammal, or m isolated organs, the anaphylactic response can be ehcited only once, 
if first blocked by the haptene drug it cannot be elicited at all The extent of 
interaction between antibody and compounds closely related to the haptene drug 
may lary considerably Gerber and Gross (95) showed that while cross-reac- 
tions occurred between sulfanilamide, sulfacetimide, and sulfamlic acid and their 
respective antisera, the specificity did not extend to sulfathiazole, para-amino- 
benzoic acid, or 2,4- mtroammophenol 

Although the obvious practical aim m studies of this type would be to obtam 
antibodies capable of neutralizing certam drug effects in viio, few very success- 
ful outcomes m this direction have been reported Glutton and co-workers 
(43) presented evidence that antisera against thyroxyl-thyroglobulm protected 
rabbits against exogenous thyroglobulin or thyroxm, but no alteration of the 
normal basal metabohc rate "ft as observed Butler and his associates (34) found 
that antisera agamst aspinn-protem complexes protected rats dramatically 
agamst the antipyretic action of aspinn when artificial fever was induced Fell 
and his collaborators (87) obseiw^ed slight protection against the anaphylactic action 
of ovalbumm m guinea-pigs and rabbits by an anti-bistamine immune serum 
Smger (232) presented data purportmg to show that the LDm for mice mjected 
with certam arsemcals was apprecmbly altered by an anti-arsemcal immune serum 
Hooker and Boyd (129) calculated the probable amount of antibody globulm 
produced m typical expenments of this kmd and showed the improbability of a 
titer high enough to neutrahze any significant proportion of mjected drug, un- 
less the drug were so highlj' potent that the therapeutic dose contamed relatively 
few molecules 

It IS difficult to understand how, if so drastic a couphng procedure as diazo- 
tization w'ere required for the production of an antigen, such substances could 
ever arise in vtvo, as they must, if drug allergy is to be explamed on this basis 
It IS therefore highly sigmficant that m a few instances antigemc substances 
have been produced without diazotization Glutton, Hanngton and Yuill (42) 
startmg from the premise that both tyrosme and carbohydrate play sigmficant 
roles m normal antigemcity, linked glucose to tyrosme and the latter through a 
peptide bond to protein Potent antisera to this conjugate were produced by 
rabbits when either horse albumin or globuhn was used as earner A similar 
peptide-lmked antigen was successfully produced from the isocyanate of hista- 
mme, which was presumed to react with the lysme e-ammo groups of horoe glob- 
ulin (209) 

While the linkages betw'een haptene and protem seem more natural m these 
compounds than m the azoprotems, they are stdl far from the reversible bonds 
typical of drug-albumm complexes A closer approach to the latter is found m 
the observation that the Wassennann or Forasman baptencs become antigenic 
on simple contact with heterologous serum, no drastic treatment being required 
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(267) The only recoixled observations of similar spontaneous development of 
antigenicity ivith homologous serum, are those of Samson and Gotz (218) 
Finding that aminopynne at 0 4% in horse serum yielded no unbound drug in an 
ultrafiltrate, these investigators proceeded to sensitize gmnea-pigs in thefolloiving 
sunple way Fresh blood was drawn from the animals and allowed to stand with 
ammopyrme for thirty mmutes The mixture was then injected intrapento- 
neally, the process being repeated at intervals of 5 to 10 days At the end of 
this time an allergic response was obtained upon injecting a smular mixture (con- 
tammg less drug) intravenously Adequate controls ruled out non-specific fac- 
tors but the phenomenon was pecuhar m that the pure drug w ould elicit an 
allergic response if mjected after sensitization Moreover, pure aimnopynne in 
aqueous solution (without blood) could be used for sensitizmg, but then a response 
was no longer elicited by the drug itself but only by the drug-blood mixture No 
attempt was made to demonstrate antibody m the circulating plasma, and the 
expenments are open to cnticism m other respects, but the observations conform 
so closely to the spontaneous development of clmical drug allergy that they might 
be profitably re-a\ammed 

The fundamental question, of course, is whether the common mteractions of 
drugs with proteins m the plasma are capable of givmg rise to antigemcity, and 
if so, under what conditions There is no particular evidence to suggest a par- 
allelism between afldmty for plasma proteins and allergic potentiahty but this 
does not bear directly upon the question Obviously interaction of a drug with 
plasma protem is not a sufficient condition for allergy, or all penicilhn-treated 
patients would become sensitive to the drug Whether mteraction of the kind 
discussed m this review is a necessary condition remams to be proved 

* * * 

I would emphasize agam, m conclusion, what is probably the most funda- 
mental aspect of the interactions of drugs and plasma proteins These diverse 
combmations must be regarded as model systems for elucidatmg the nature of 
the primary mteraction of each drug with its protem receptor m the body In 
isolated instances the affimty for plasma protem appears to parallel the pnmary 
potency of a drug Davis and Wood (53) have shown that this is true in the sul- 
fonamide senes Another parallehsm has been mdicated m the competition of 
certam substances for tubular excretion and for bmdmg to albumin But it is 
not generally the case Even among the sulfonamides acetylation abolishes 
antibactenal action ivithout affectmg protem bmdmg Pemcilhn IC and X, m 
the absence of albumm, are both more potent antibacterials than G, although the 
order of afifimty for albumm is K > G > X In the barbiturate senes bmdmg 
cannot be correlated with either therapeutic potency or susceptibihty to meta- 
bohc destruction m the body 

Simple parallehsms are not to be expected Only as we elucidate the nature 
of the forces that are responsible for mteraction specificity, and begin to gam in- 
sight into the precise nature of the protem surface, shall we also be furthenng our 
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understanding of the remarkable capacity for speciahzed protem mteractions 
that distinguishes the potent drug molecule from its biologically mdifferent km 

Many colleagues m this department and in the Department of Physical Chemistry un- 
wittingly assisted in the preparation of this review by their willingness to engage in frequent 
discussions, and I thank them collectively I am especially indebted, for their interest 
and assistance, to Drs Bernard D Davis, John T Edsall, Otto Krayer, George Scatchard, 
and Douglas M Surgenor, and to Dr Edwin J Cohn, who first interested me in the inter- 
action problem, and made protein fractions available for experimental studies The eo- 
operation of Mrs Susan Jackson, Mr Richard O Bicks, and Air William Rutter is also 
acknowledged 
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From the Wtlmer Inettlute, Johns Hopktns Hospital and the Department of Pharmncolop, 
College of Physicians and Surgeons, Columbia University 

Introduction The pharmacological actions of “anti-cholmesterase drugs" 
can be considered only after certain limitations have been placed on the definition 
of the compounds m this category The first limitation is concerned with the 
nature of the enz 3 mie inhibited The term “cholmesterase” (ChE), originally 
applied to any acetylcholme (ACh)-splittmg enzyme of the blood or tissues, has ■ 
been shown to be too inclusive There are several enzymes which hydrolyze 
ACh, and their substiate specificities and susceptibihties to inhibition by different 
agents vaiy greatly Moreover, the physiological significance of many of them 
m respect to the hydrolysis of ACh is highly questionable Unfortunately, tests 
of the anti-ChE activity of drugs have been conducted largely wth the ACh- 
splitting enzyme of mammalian plasma rather than with tissue enzymes Sec- 
ondly, hterally hundreds of compounds have been reported as more or less 
potent inhibitors of one or another t 3 q)e of ChE, and many of their pharmacologi- 
cal actions have been attributed to this property It is generally a wise procedure 
to adhere to the old pharmacological dictum that no drug has a smgle action 
Undoubtedly, the property of many of the drugs mentioned below to inhibit 
ChE constitutes a relatively unimportant side-action On the other hand, 
potent and specific inhibitors of ChE may exert direct actions on effector cells 
An inhibitor combines with an enzyme by virtue of an affinity between certam 
active groups of the enzyme and mhibitor molecules Inasmuch as ACh is able 
to combine with either the enzyme molecule or some “receptor group” of the 
effector cells, it is likely that enzyme and cell receptor have certam chemical or 
physical properties m common It is therefore reasonable to assume that an 
enzyme inhibitor might also combme with the receptor groups of the effector 
cells, leading either to the initiation of a response similar to that evoked by ACh 
or to cholinergic blockade Specific examples of drugs which appear to act by 
these mechanisms are cited below 

The present review ivill be largely confined to a discuasion of the actions tn 
vilro and in vivo of a limited group of compounds which are potent mhibitors of 
specific ChE, namely, the alkaloids physostigmme, neostigmme and their con- 
geners, and an expandmg group of alkyl phosphates For onentation and back- 
ground the types of ChEs and their distribution will fust be considered 

Any discussion of anti-ChE drugs is bound to touch upon the controversial 
issues of the r61e of ACh m synaptio transmission and axonal conduction Obvi- 
ously this subject cannot be adequately covered However, an attempt will be 
made to review the major contributions of studies on the anticholmesterases to 
the theory of chemical mediation of the nerve impulse 

Classification op Cholinesterase Enzymes In 1926, Loewi and Navratil 
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(196) discovered an enzyme m the frog heart \\hich was capable of mactivating 
the “\agus-substance” and ACh Stedman and co-workers (288), m the course 
of their studies of the ACh-splitting activity of horse serum, suggested the term 
“cholme-esterase” to describe enzymes of this type Since then, a massive 
literature has accumulated on the properties, distribution and differentiating 
characteristics of the ChE enzymes A consideration of certain fundamental 
pnnciples which have emerged from these mvestigations is necessary for an 
understandmg of the present concept of the mechanism of action of the anti-ChE 
drugs iVlthough all controversial pomts have not been settled and the mvestiga- 
tive possibilities of the subject are by no means exhausted, certain facts are 
now apparent which permit studies of these drugs to be conducted on a sounder 
basis than previously 

It was noted as early as 1928, by Galehr and Plattner (11-1), that the ChE 
splittmg actunties of serum and whole blood differed, and that at low substrate 
concentrations the latter w as the more active ITierefore, they suggested that 
the corpuscles were probably pnmarily responsible for the hydrolysis of ACh m 
the bloodstream How ever, they attributed the activity m this respect to a non- 
specific surface action rather than to an enzyme Followmg extensive studies 
of the properties of serum ChE of different species by Stedman and co-w orkers 
(76, 288) and by Click (118, 119, 120) and others, .Hies and Hawes (5) confirmed 
the earlier observation of the greater ACh-splittmg capacity of erythrocytes at 
low substrate concentrations, but they considered the action to be due to the 
presence of a ChE m the red cells The erythrocyte ChE was further differ- 
entiated from that of senmi by its ability to hydrolj ze acet j l-;3-methylchohne, 
and by its greater sensitivity to changes m pH and salt concentration Subse- 
quent investigations of the substrate specificities of ACh-sphttmg enzjmies from 
vanous sources and their sensitivities to different mhibitors (253) led Mendel and 
Rudney (216, 217, 218) to propose a general classification of enzj'mes of this type 
Included under the term “pseudo-ChE” were the enzymes from serum, pancreas 
and other tissues which hydrolyzed ACh, benzoylcholme and several non-cholme 
esters (tnbutynn, tripropionm, methyl butyrate) but not acetyl-^-methylcholme, 
and which exhibited maximal activity in the presence of high concentrations of 
ACh The term “true-ChE” was reserved for the enzymes of er 3 rthrocytes and 
nervous tissue which acted only on choline esters, mcludmg acetyl-/3-methyl- 
cholme but not benzoylcholme, and which were mhibited by high concentrations 
of ACh As a method for estimatmg quantitatively the presence of true-ChE, 
pseudo-ChE and other esterases m tissues, they suggested the determmation of 
the activities agamst acetyl-^-methylchohne and benzoylcholme, and of the 
ratio of the rates of hydrolysis of ACh at concentrations of 0 06 and 0 0006 hi 
It was found that by treating true-ChE wuth positively charged colloids, such as 
protamine, the optimal substrate concentration could be raised to a higher level 
without modification of the substrate specificity This effect could be reversed 
by subsequent treatment w ith a negatively charged colloid (219) 

The above classification was criticized by se\eral authors (121, 186), and 
Nachmansohn and Rothenberg (238, 239) proposed that the enzyme of eryth- 
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rocytes and nervous tissue be designated “specific-ChE,” on the basis of its 
relative specificity for ACh, to distinguish it from the numerous other ACh- 
splittmg esterases found m serum and various tissues “Specific-ChE” vas 
characterized as exhibitmg a definite pattern of substrate relationships, m that it 

(a) split ACh at a higher rate than any other substrate, the rates of hydrolysis 
of other cholme esters decreasing wuth mcreasmg cham length of the acyl group, 

(b) hydrolyzed acetyl-/3-methylcholme, but at a lower rate than ACh, and (c) 
failed to attack benzolycholme, carbammoylcholme or esters of simple alcohols 
Although they confirmed the mhibition of specific ChE by high concentrations 
of ACh, they found the optimal level to be considerably higher than that reported 
bj Mendel and Rudney, and attributed the discrepancy to the short penods of 
determination employed by the previous authors 

The use of specific inhibitors has also been suggested as a method for dis- 
tinguishmg betu een specific-ChE and related enzymes Inhibition by neostig- 
mme uas one of the criteria used by Easson and Stedman (76) for this purpose, 
but it has been shown smce that this compound is highly potent against nearly 
all types of ChE Zeller and Bissegger (322) found that percame inhibited 
selectively the ChE of serum, caffeme that of erythrocytes and bram, while 
morphine was a relatively potent inhibitor of both types Di-isopropyl fluoro- 
phosphate (DFP) has been shown to inhibit the ChE of the serum of most species 
m concentrations far lower than those required to inhibit erythrocyte or brain 
ChE (147, 211) Another chemical warfare agent, /5-)3'-dichlor-diethyl-N- 
methylamine (DDM) was found by Adams and Thompson (2) to exhibit the 
reverse type of selective inhibition These authors proposed the use of the ha 
(molar concentration producing 50 pei cent inhibition) latio, hoDDM/hoDFP, 
for distmguishmg between the two types, the specific-ChEs havmg relatively 
low ratios and the non-specific types far higher ratios (eg , 67 X 10'“ for hu- 
man brain, 4 0 X 10* for human plasma) 

Numerous exceptions to the foiegomg generahzations have been reported 
Mazur and Bodansky (211) found that mouse bram hydrolyzed tnacetm at a 
higher rate than ACh This observation may have resulted from the employ- 
ment of excessively high substrate concentrations Several marme mvertebrates 
were found by Augustmsson (9) to contam enzymes capable of splitting ACh at 
high rates and exhibitmg httle activity towards either acetyl-^-methylchohne or 
benzoylcholine He suggested that the ChEs from these sources might be more 
specific towards ACh than the enzymes previously studied Hawkins and 
Mendel (146) reported that planaria and frog bram contam ChEs which are 
specific accordmg to substrate criteria but which are extremely resistant to 
i^ibition by physostigmme Furthermore, the enzyme from planaria exhibited 
normal sensitivity to neostigmme but was not mhibited by high substrate con- 
centrations 

The most satisfactory classification at the present time appears to be the one 
recently advanced by Nachmansohn and Augustmsson (235) They have ap- 
plied the term “acetylcholme esterase” to the enzymes of nervous tissue and 
erythrocytes which catalyze the hydrolysis of ACh at optimal substrate concen- 
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trations at a greater velocity than any other known substrate, and which fit the 
general description previously given by Nachmansohn for “specific-ChE ” 
Under the term “cholinesterase” they include both “acetylcholine esterase” 
and the vanous enzymes of sera and tissues which promote the hydrolysis of 
other cholme esters, such as benzoylcholme and butyrylcholine, at relatively 
high rates (237, 264) Other hydrol 3 dic enzjnnes w'hich manifest specificity for 
such substrates as atropme (18) and monoacetyl morphme (89) are designated 
by the general term “esterase ” 

The pharmacological significance of the foregoing studies rests m the fact that 
endogenously hberated ACh, at the low concentrations m which it is present m 
the body, is apparently hydrolyzed exclusively by means of specific-ChE or 
acetylchohne esterase Consequently, anti-ChE drugs produce their typical 
cholmergic effects only when this type of enzyme has been inhibited beyond a 
certain threshold This fact was not fully appreciated prior to the studies of the 
alkyl phosphates, which were showm to be capable of producing practically 
complete mactivation of serum ChE without causmg any significant sympto- 
matology (211) Therefore, most of the earher studies of the actions of anti-ChE 
drugs on the serum enzyme provide information only on such phases as absorp- 
tion, excretion and enzyme kmetics, and do not supply any quantitative data 
relatmg enzyme inhibition to pharmacological responses 

The distnbution of the ChE enzymes throughout the animal kingdom and m 
the various tissues has been reviewed thoroughly m Augustinsson’s recent 
monograph (10) 

Structure-Activity Relationship Reversible inhibitors The first drug 
known to inhibit ChE reversibly, physostigmme, has proved to be one of the 
most potent compounds possessing this action Early studies designed to 
elucidate the mechanism of its miotic action led to the synthesis of neostigmine 
another highly potent anti-ChE These mvestigations provide a typical example 
of the significant modifications of pharmacological activity produced by mmor 
alterations of chemical structure, and reveal the difficulty met m attemptmg to 
draw generalizations relating these two factors 

Moat of the classical work of Stedman and collaborators and Aesohlimann and Remert 
on the relationships between chemical structure and pharmacological activity of the homo- 
logues of physostigmme and related compounds was conducted before it was realized that 
these drugs are potent inhibitors of ChE After determining the structure of the phy- 
soatigmine molecule and its inactive degradation product pbysoatigmol (285), Stedman 
decided that the miotic action of the former was due to the urethane grouping He then pre- 
pared a senes of urethanes from dimcthylaminophenol (DMP) and hordenine (HO — C«Hi- 
p CHi CH-N (CHj)j) and compared their miotic potencies in cats (282) All three isomers 
of the dimethylaminophenyl eater of methylcarbamic acid were found to be active, as well 
as the corresponding m-dcnvative of carbamic acid, the o-derivative of ethylcarbamic acid, 
and the methylcarbamido denvative of hordenine All phenylcarbamic acid esters were 
inactive When the tertiary basic group was converted to a quarternary ammonium group 
by the synthesis of the corresponding methiodide, a marked change occurred, the activity 
of the in-compounds was intensified, that of the o- and p-derivatives was abolished. This 
was interpreted, according to the polanty theory, as an indication that those compounds 
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which were derived from the most acidic phonol derivatives were the least active. It iras 
noted that the active aynthetio compounds and physostigmine have two structural features 
in common, both are substituted phenyl esters of methylcarbomio acid and both contain a 
basic group Subsequently, a senes of urethanes was synthesized from isomenc hydroiy 
benzyldimethylaminea (IIBDM) and hydroxy-phenylethyldimethylaminea (HPEDM) and 
their miotic properties were investigated (233, 284) Here, too, the methylurethanea were 
found to bo moat active, the order of activity for the isomers of HBDM being o > p > m 
Of the isomers of the methyl urethane of HPEDM, the iinJenvative showed extremely high 
potency which approached that of physostigmine, and it was given the name miotine The 
methyl urethanes of choline iodide and tropeine were also tested and found to be inactive, 
thus confirming the view that miotic activity was associated only a ith phenyl esters Fol- 
low ing the announcement by Englehart and Loewi that esenne inhibits ChE (96), the above 
classes of urethanes were investigated Irani the standpoint of their ability to inhibit the 
hydrolysis of methyl butyrate and tributynn (286) Whereas moat of the miotics were 
highly potent in this respect, the two activities did not show close parallelism Because of 
their assumed differences of penetrability in viuo, the authors did not consider this discrep 
ancy to rule out the possibility of their producing miosis by esterase inhibition They sug- 
gested that the mechanism of this inhibition probably depended upon the ester structure 
of the urethanes and their resistance to hydrolysis (237) A detailed pharmacological study 
was conducted with nuotine, the three isomers of the methylcarbamic urethanes of HBDM, 
and physostigmine All possessed similar pharmacological properties os revealed by their 
effects when administered alone or in conjunction with AGh, atropine, nicotine or curare 
It was concluded that while the major part of the actions of physostigmine and miotine was 
dependent upon the inhibition of ChE, an additional factor of direct action on effector 
organa might be present (315) 

Aesohlimann and Ileinert (4) studied the structure-activity relationships of 45 additional 
urethanes Because of the stability of the dialkyl and diaryl carbaraio esters they concen- 
trated on these types Esenne like action was found to be the strongest in the carbamio 
esters of phenol bases with the following radicals attached to the carbamate nitrogen 
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The quaternary salts of the aromatic bases having the mtrogen attached directly to the 
benzene ring w ere more active than the hydrochlorides of the corresponding tertiary bases, 
whereas thereversewastruewith compounds having the basic radical inaside chain The 
quaternary salts in general were found to be relatively ineffective when administered 
orally Two compounds, the dimethylcarbamic ester of 3 oxyphenyltrimethylammonium 
metbylaulfate (prostigmino or neostigmine) and the corresponding methylphenyl carbam- 
ate, were selected as promising drugs 

In addition to the above urethanes, several other quatemaiy ammonium com- 
pounds and tertiary ammes are relatively potent inhibitors of ChE 

Methylene blue and other basic dyes having strongly dissociated quaternary ammomum 
groups are examples of the former type Conversion of such dyes to tertiary leuko-bascs 
- by the addition of alkali results in the loss of their anti-CbE activity Thionina, which 
differs from methylene blue in that the methyl radicals in the quaternary ammonium group 
are replaced by hydrogen atoms, is a considerably weaker inhibitor This difference was 
attributed by Maasart and Dufait (208) to the increased dissociation of the quaternary 
group accompanying substitution with alkyl radicals They demonstrated a parallelism 
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IjLlneen dissociation constant and anti-Cb£ potency with several such dyestuffs When 
methylene blue is administered in inco, however, it does not produce the same action as 
physostigmine (252), apparently because of two factors the conversion of a large portion of 
the dye to the inactive leukobase at the pH of the blood, and its combination ivith the recep- 
tors of the effector cells to prevent the access of ACh (250) Although these authors found 
Congo red and other acid dyestuffs to be relatively mactive as ChE inhibitors, a recent 
report (166) has suggested that the anticuransing action of Congo red may be partially due 
to an anti-ChE effect The anti-ChE activity of crude curare preparations (213) has been 
shown to be due largely to impurities, since the purified alkaloids are very weak in this 
respect (135) 

Among tertiary amines hanng anti-ChE activity, the toad-poison cmobufotemne flavin- 
ate, which bears a close structural resemblance to physostigmine, is fairly potent (277) 
Of several vesicants studied, Thompson (295) found 3-3' dichlorodietbyl N-methylamine 
and tnchlorotriethyl amine to be moderately potent ChE-inhibitors in vitro, while carbo- 
metho\y-3 chloroethylnitrosamine caused greatest inhibition of the skin ChE w hen applied 
ocally The anti-malarials quinine and atabrine are potent inhibitors (308), whereas 
paludrine (21), like percame and related compounds (322), shows little activity against 
brain ChE but mhibits serum ChE more strongly Wright’s studies of aromatic amino 
alcohols (319, 320) indicate that anti-ChE and antimalarial activities are unrelated 

There are numerous other anti-ChE drugs in which the amino mtrogen forma part of a 
heterocyclic ring The Bornhcims (17) noted that morphine and apomorphine in high dilu- 
tion inhibit brain ChE, and suggested that some of their pharmacological actions might be 
due to this property The imidazoline derivatives pnscol, privine and otrivin exhibit weak 
anti ChE activity but are relatively specific against the different types Their inhibiting 
action against the amine oxidases is much greater (260) The action of strychnine (230 231) 
has been attributed to its auti ChE activity but its potency in this respect scarcely justifies 
such a conclusion in view of the small doses which elicit marked pharmacological effects 
Inhibition of ChE is also produced by dilaudid, codeine, desomorpbine (321), meperidine 
(28) and caffeine (242) 

The purpose of the present review u ould not be served by listing all the drugs 
known to inhibit ChE Such a table has been assembled by Augustinsson (10), 
and Bemheim (16) has reviewed the pharmacology of many of the compounds 
mentioned above 

As stated m the mtroduction, the fact that a compound is capable of mhibiting 
ChE does not imply that it produces its pharmacological effects by this mecha- 
nism Moreover, a drug acting primarily as an anti-ChE at one site may act 
duectly on the effector cells at another locus This phenomenon is illustrated 
by the studies of Clark and Raventos (55) and Raventos (249, 250) on the 
pharmacology of some quaternary ammonium salts 

These authors investigated the interactions of homologues of the series (CHiljNR, lEN, 
RnER'(«_o) and (CIIi)iN (CHi)oCtHi as well os their effects on the actions of ACh on frog 
and leech muscle, frog auricle and rat gut Lower members of the series (CHjIjNR had 
only a curariform action on leech muscle, wuth the other test objects the lower members 
produced an ACh-like effect and summated with ACh The higher members antagonized 
both the actions of ACh and those of low er members The remaining series had comparable 
although somew hat more complex effects Alethylene blue, on the other hand, antagomzed 
the action of ACh on the frog heart and rat gut had a diaphasic effect on the frog rectus, and 
potentiated ACh action on leech muscle On the last named teat object, its anti-ChE 
action apparently predominated, w hereas on the frog heart it acted as an antagonist in the 
same manner os the other quaternary ammonium salts studied 
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It would seem likely, therefore, that many of the actions of the anti-ChE drugs, 
especially the less potent ones, may be due to similar direct effects The response 
of a particular effector cell is dependent upon which type of action predominates 
at that site, — ChEl-mhibition, direct effect or cholmergic blockade 

Irreversible inhibitors During the course of chemical warfare research it was 
established tliat the senes of esters of fluorophosphoric acid inhibited ChE 
Of the series, the di-isopropyl derivative was the most active Also during the 
war years Bloch and Hottmger (22, 154) demonstrated that tri-orthocresyl 
phosphate was a potent anti-ChE (see below) At the close of the war the 
Technical Intelligence Committee investigatmg research progress m Germany 
learned that the Germans had been employing hexaethyltetraphosphate (HETP) 
as an msecticide DuBois and A'fangun (72) soon demonstrated that this alkyl 
phosphate was capable of mhibitmg ACh-splittmg enzymes Although only few 
studies have been published on the structure-activity relationship of the alkyl 
phosphates relative to the mactivation of ChE, the outstanding contribution of 
Brauer (27) has provided much information m this field as well as basic facts 
pertammg to the reaction between enzyme and mhibitor (see below) 

Brauer studied a group of 16 phosphate esters He used as his source of 
enzyme the cholmesterase of fractionated human plasma (fraction IV-6) Highly 
active compounds were found among all types of phosphates mcluding poly- 
phosphates, phosphophoaphmes, thiophosphates and sulfonephosphates Al- 
though the number of compounds studied was too small to permit detailed 
analysis of the effects of structure on the degree of anti-CfiE activity, and the 
exact constitution of certam of the alkyl phosphates is not known, nevertheless 
Brauer was able to draw fundamental conclusions concemmg the structure 
necessary for mhibition of ChE Thus all the active compounds had m common 
the grouping P — 0 — R where R may be an alkyl or an aryl radical However, the 
presence of this groupmg alone is not a sufficient condition for activity Por 
example, m the followmg pairs of compounds the first member is mactive, the 
second active (1) tnethyl phosphate, tetraethylpyrophosphate, (2) trimethyl 
phosphate, dimethyl fluorophosphate, (3) tri-p-cresyl phosphate, tri-o-cresyl 
phosphate Brauer pomts out that m each of the above pairs, the active com- 
pound contains an arrangement which would be expected to have a high free- 
energy content as follows (1) the pyrophosphate hnkage, (2) the analogous 
anhydnde of hydrofluoric acid dimethyl phosphoric acid and (3) the stearic 
stram which probably exists m tri-o-cresyl phosphate Of the various compounds 
studied by Brauer, HETP and tetraethylpyrophosphate (TEPP) exhibited the 
highest activity and produced 50 per cent inhibition of the enzyme when em- 
ployed m the molar concentrations of 1 0 X 10"* and 8 6 X 10"‘“, respectively 

Dynamics in Vitro Reversible inhibitors In an earhei section it was 
pointed out that the hydrolysis of ACh by the non-specific enzymes of serum and 
various tissues is charactenzed by a direct relationship between reaction velocity 
and substrate concentration This type of relationship is expressed mathe- 
matically by the well-known Michaelis-Menten formulation (222), according to 
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which a single molecule of substrate combmes with one enzyme center to form a 
complex, the breakdown of the combmation mto the reaction products and the 
free enzyme proceeds as a monomolecular reaction Other substances w hich can 
combme ivith the enzyme but which are not necessarily split by it act as m- 
hibitors, the potencies of which are proportional to their affinities for the enzyme 
compared wnth that of the substrate Matthes (209) emploj ed these principles 
m one of the earliest quantitative studies of the hydrolj sis of ACh by blood and 
serum and the mhibitoo’^ effect of physostigmine He assumed that the m- 
hibition was a non-competitive monomolecular reaction and demonstrated its 
reversibiht} by dialysis 

The inhibition of hydrolysis by an excess of substrate, as obsen'ed with the 
specific ChEs of nervous tissue and eiythrocytes, represents a type of reaction 
that was studied by Haldane (134) In such cases, when reaction velocity is 
plotted against the loganthm of the substrate concentration, a bell-shaped curve 
IS obtamed, the peak of which occurs at the optimal substrate concentration 
Accordmg to Haldane’s mterpretation, m order to brmg about reaction, enzymes 
of this tjqie and substrate molecules must combme at tw o spots, fomimg the 
complex E = S In the presence of excess substrate, an mactive type of combi- 

S 

/ 

nation tends to occur, E , which competes with the formation of the reactive 

S 

complex For specific ChE, it has been suggested that the two pomts of combi- 
nation are represented by a group on the enzyme molecule which combmes ivith 
the ester linkage of the substrate, and an appropriately located negatively charged 
group which combmes with the positively charged quaternary mtrogen of ACh 
(9, 322) Combmation betw'een ACh and non-specific esterases, where the 
Michaehs-Menten formulation is appbcable, is assumed to occur at only one 
locus (9) This concept also provides a possible explanation for the shiftmg of 
the optimal substrate level of specific ChEs by treatment with positively charged 
protammes, which presumably results in blockmg of the negative groups of the 
enzyme molecules 

In an mvestigation of a group of enzymes w hich acted m accordance with the 
Haldane theory, Lmeweaver and Burke (105) developed graphical procedures for 
detemimmg the dissociation constants of the different complexes formed by the 
enzyme, and for distmguishmg between competitive and non-competitive m- 
hibition This distmction w’as based on the assumption that wnth the former 
type the degree of inhibition is decreased with mcreasmg concentrations of 
substrate m the presence of a constant amount of inhibitor, whereas when m- 
hibition IS non-competitive it is not influenced by substrate concentration. 
Applymg this method to an mvestigation of the inhi bition of a purified horse 
serum ChE by several compounds, Roepke (257) obtamed results which mdi- 
cated that inh i b ition was produced competitively by chohne, carbammoyl 
chohne, arsenochohne, acetyl-^-methylcholme, tetramethylammonium chloride 
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atropine and several other substances, but non-competitively by physostigrame 
and neostigmine He noted, how ever, that in the presence of the last two drugs, 
rates of hydrolysis progressively increased during the determination penoi, 
which indicated that equilibrium had not been attained between enzyme, in- 
hibitor and substrate, and he suggested that this factor might have distorted lus 
results lie also calculated the dissociation constants for the enzyme-mhibitor 
complexes by means of the Michaelis-Menten equations Using modifications 
of the same types of mathematical treatments, Eadie (74) arrived at entirely 
different conclusions, namely, that the inhibition of dog serum ChE by phj'sostig- 
mine or neostigmme is competitive and that equilibrium is reached within a 
few minutes after mixing On the assumption that two molecules of mhibitor 
combme with one of enzyme, he obtained extremely low dissociation constants 
A major departure from the foregoing methods of treating reversible enzyme- 
inhibitor combinations w’os made by Easson and Stedman (75) m a study of the 
kinetics of the system horse serum ChE-ACh-mhibitor (physostigmine or neo- 
stigmine) Instead of treating the reaction as a first order one, as prenous work- 
ers had done on the assumption that the enzyme centers were present in m- 
finitesimal concentration, they regarded it as truly bimolecular This concept 
was greatly expanded and placed on a sound quantitative basis by Straus and 
Goldstein (293) They introduced the term “specific concentration,” defined as 
the ratio of the molar concentration of enzyme or inhibitor to the dissociation 
constant of the complex formed As determined by the specific concentrations of 
enzyme in a given system, three “zones of behavior” were described, character- 
ized by significant differences m functions relating the concentrations of the com- 
ponents In zone A, where the specific concentration of the enzyme is small and 
practically all the inhibitor exists m the free state, inhibition was shown to be a 
function of only the specific concentration of the inhibitor In such cases, the 
classical equations assuming a pseudomonomolecular reaction were shown to be 
applicable In zones B and C, however, where the specific concentrations of en- 
zyme become increasingly greater, the reactions between enzyme and inhibitor 
must be treated as bimolecular and stoichiometric, respectively Equational and 
graphical methods were presented for determinmg zone boundaries, approximate 
Bpecific enzyme concentrations and the zone in w Inch a given system is operating, 
and foi treating reactions m each zone The application of the method was 
demonstrated with the system horse serum CliE-physostigmine The change m 
inhibition resulting from dilution of a system w'os stressed Furthermore, it was 
suggested that at certain locations in the body where enzymes are highly con- 
centrated, such as the neuromuscular junction, zone C relationships might oper- 
ate Consequently all potent reversible inhibitors would be approximately 
equally effective at such sites even though their individual potencies differed 
within wide limits Goldstem (123) extended the study to mclude the com- 
petitive effect of the substrate m the system ChE-ACh-physostigmme The 
same three zones of behavior were found to occur under this condition, and it was 
shown that the zonal phenomenon could be utilized for determming the number 
of molecules of substrate or inhibitor combining reversibly wuth a smgle enzyme 
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center In contradiction to Eadie’s conclusion, this number \\ as found to be one 
in the system imder study, and combination between ChE and phjsostigmme m 
moderate concentrations was shown to proceed slowly, as Roepke had observed 
In addition, methods w ere developed to correct for such factors as dilution, dis- 
placement of mhibitor by substrate and vice versa, and for determmmg the rate 
of destruction of the inhibitor These mvestigators have placed the study of 
reversible enzyme-mhibitor systems on a far more satisfactorj’' quantitative basis, 
and have explamed many of the earlier discrepancies mentioned above From 
a practical view pomt, most systems studied operate m zone A, and, as the authors 
pomt out, can be treated by the older methods provided the other factors men- 
tioned are properly taken mto consideration Thus, m Augustinsson’s (10) re- 
cent mvestigations, m which he utilized only relatively dilute ChE systems m 
vilro, the equations of Michaehs and Menten, Haldane, and Lmeweaver and 
Burke w ere found to be quite satisfactory for treating his data How ever, prac- 
tically all m VIVO studies of the degree of inhibition of a given enzyme produced 
by adnumstration of a reversibly acting drug necessitate the application of 
Strauss and Goldstein’s correction factors to avoid gross errors For the mathe- 
matical treatment of the above theones, reviews (10, 23) and the ongmal 
papers should be consulted 

Goldstem (124) has recently reported on the types of mhibition of a highly 
purified human plasma ChE produced by several compounds The group of 
reversible but non-competitive inhibitors mcluded methylene blue, acriflavine, 
morphme, atropine, strychnine, amphetamme, phenobarbital, sulfanilamide, pro- 
came, chohne and acetyl-^-methylcholine, all of which showed all ratio for 
molecules of inhibitior to active centers Physostigmme, neostigmme and car- 
bammoylcholme inhibited reversibly and competitively As noted below, these 
three compounds were the only ones found by Koelle (169) to offer a high degree 
of protection for brain ChE agamst irreversible mactivation by DFP 

Ellis and coworkers (90, 92, 93) have studied the kmetics of the destruction 
of physostigmme m some detail and have mvestigated the properties of the 
breakdown products The non-enzymatic decomposition of physostigmme m 
buffered solutions was found to be a bimolecular reaction, the rate of which was 
dependent upon the concentrations of physostigmme and OH~ In the presence 
of ChE, the velocity of destruction was also related to the concentration of the 
enzyme, provided it was not inhibited beyond about 80 per cent of its normal ac- 
tivity Physostigmme was converted to eseroline by hydrolytic cleavage of the 
carbamate group, and was then oxidized to the qumoid rubreserine This was 
converted to esenne blue, a compound of undetermmed structure, which was 
further oxidized to esenne brown Rubreserme and eserme blue were shown to 
have strong anti-ChE activity (about l/lOOth that of physostigmme) and showed 
comparable pharmacological effects, whereas eserolme and esenne brown were 
devoid of this property 

Irreversible inhibitors It is obvious from the above discussion that the kmetics 
of the inhibition of ChE by reversible inhibitors are so complex, even under 
controlled conditions tn mtro, that quantitative studies relating enzyme mhi- 



176 


GEORGE B KOEBLE AND ALFRED GILMAN 


bition to pharmacological actions in tnvo are impract|cal if not impossible The 
discovery of the irreversible anti-GhEs has provided the pharmacologist with a 
research tool that can be used much more effectively than the reversible inhibi- 
tors to elucidate the funamental idle of ACh and ChE in various physiological 
processes The heuristic value of these drugs is evident m the extensive htera 
ture that has already accumulated However, even m the case of irreversible 
anti-ChEs the mterpretation of experiments in mvo must rest upon a funda 
mental understanding of the d3mamics of the reactions between ChE and ir- 
reversible inhibitors in mlro, as well as a knowledge of the reactions of the in- 
hibitors with substances other than ChE 

The irreversible anti-ChEs were first studied durmg the course of chemical 
warfare research It was only at the termmation of the war that secunty regu 
lations permitted pubhcation m the open literature Consequently it is difficult 
to follow the chronological sequence of events m the development of this field 
from the open literature 

The first studies of the pharmacological actions of the alkyl phosphates appa^ 
ently were conducted by Adnan, Feldberg and Kilby (3) They immediately 
deduced that the prolonged miosis that followed exposure to DFP could be ex- 
plamed more readily by ChE mhibition than by a du^ct action of DFP on effector 
cells They then demonstrated the high activity of DFP m inhibitmg ChE 
Subsequently Mackivorth and Webb (202) first suggested that the inactivation 
of ChE by DFP was irreversible smce the activity of the enzyme could not be re- 
stored by dialysis By an odd comcidence Bloch and Hottmger (22, 154) were 
conducting at the same time mdependent mvestigations on tn-o-cresyl phos- 
phate They observed that the compound irreversibly inhibits ChE and their 
papers provide the first published reports on ChE inhibitors of the alkyl phos- 
phate type 

The extensive mvestigations of Mazur and Bodansky (211) further character- 
ized the nature of the reaction between ChE and DFP They demonstrated 
that the ChEs of different species and tissues varied m susceptibihty to inhi- 
bition In general, the enzyme m the sera of most species, the rabbit represent- 
mg an exception, was more readily inhibited than that from red cells or nervous 
tissue They were unable to reactivate the enzyme by dialysis, dilution or treat- 
ment with phosphatase, and concluded that the inhibition was irreversible 

More mtimate details of the nature of the reaction between ChE and alkyl 
phosphate inhibitors have been provided by Brauer (27) He worked for the 
most part with HETP and TEPP, but his observations may apply to the entire 
group of alkyl phosphates which inhibit ChE Brauer employed red blood cells 
and fractionated plasma as his source of enzymes He observed that the relation 
between concentration of inhibitor and degree of enzyme inhibition was hnear 
over a wide range Such a stoichiometric relation between the number of active 
enzyme centers destroyed and the number of inhibitor molecules present would 
be anticipated m a reaction mvolvmg irreversible inhibition Brauer further 
demonstrated that m the reaction between alkyl phosphate and ChE, the m- 
hibitor as well as the enzyme is destroyed Furthermore the resultmg complex 
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formed contains no phosphorus Brauer has proposed the followmg reactions 
between enzyme and inhibitor which are compatible with his observations 

=POR + EH *• =POH + ER 

=PX + EOH > ^OH + EX 

where s POR or § PX is the inhibitor, EH or EOH the active enzyme, ER or 
EX the mactivated enzyme, R an alkyl or an aiyl group, and X a halide 

The alkyl phosphates show rather marked specificity m their chemical reac- 
tions when this is measured m terms of loss of anti-ChE activity (27) For 
example, anti-ChE activity is not lost m the presence of vanous ammo acids, 
ethanol or phenol In fact ChE denatured with ethanol, acid or heat loses its 
abihty to react with these inhi bitors CiystaUme human albumm and human 
fibrmogen also fad to react However, fractions of human plasma contammg 
high globulm concentrations show some abdity to mactivate TEPP, although 
less than the mam esterase-bearmg fractions 

There is presumptive evidence that physostigmme, neostigmme and car- 
bammoylcholme react reversibly \vith the same moiety of the ChE molecule as 
do DFP and TEPP irreversibly As wdl be discussed below, the prophylactic 
administration of certam reversible inhi bitors of ChE protects animals from the 
effects of DFP (175) To explam this phenomenon Koelle (169) first reacted 
bram ChE with vanous reversible inhibitors, then added DFP and after a suit- 
able mterval dialyzed the mixture In the presence of any of the above three 
compounds, m contrast to numerous other inhibitors, the ChE was protected 
from inactivation by DFP The possible significance of this finding relative to 
competitive and non-competitive reversible inhibitors of ChE has already been 
discussed 

Nachmansohn and coworkers have also studied the kmetics of the reaction be- 
tween ChE and DFP (240, 241) They used as their enzyme a highly punfied 
ChE obtamed from the electnc tissue of Eleclrophorus declncus as ^\nell as ChEs 
from other sources A stoichiometnc basis of the reaction bet^veen ChE and m- 
hibitor was observed The reaction between enzyme and DFP w'as found to 
depend upon the concentration of enz 3 Tne as well as that of inhibitor The 
greater the ddution of the enzyme, the higher is the excess of DFP required for 
inactivation so that at the low enzyme concentration generally used for mano- 
metnc determination a ratio of 100,000 molecules of DFP to one of enzyme is 
required for 50 per cent inhibition This ratio is reduced to 25 to one at higher 
enzyme concentrations 

Na chmans ohn *3 group has presented evidence to show that whereas DFP m- 
hibits cholmesterase immediately, irreversible inactivation is a function of tune, 
temperature and concentration of inhibitor For a period of a few hours at low 
temperatures and low inhibitor concentrations, the enzyme-mhibitor complex 
can be largely dissociated with reactivation of the enzjrme As the temperature 
and concentration of inhibitor are raised, this period becomes progressively 
shorter Nac hmans ohn postulates that a loose addition complex is first formed 
between enzyme and inhibitor, followmg which a chemical reaction which cannot 
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be easily reversed develops between the active group of the enzyme and the DFP 
molecule The evidence which Nachmansohn and his associates mar ahi^l to sup- 
port the theory of the r61e of ACh m axonal conduction (see below) depends 
almost entirely on the concept of an early reversible phase of the mactivation of 
ChE by DFP 

A discussion of the reactions of the alkyl phosphates tn mtro would not be com 
plete without mention of the susceptibility of the compounds to mactivation by 
hydrolysis Most if not all members of the series are unstable m aqueous solu- 
tion However, their half-hfe is sufficiently long to permit most experimental 
procedures Solutions m anhydrous oily solvents are stable In fact a solution 
of DFP m peanut oil can be autoclaved or kept at room temperature for several 
months without loss of activity (170) Finally Mazur (210) has demonstrated 
that an enzyme present m liver and other tissues (phosphofluorase) is capable 
of mactivatmg DFP by breakmg the bond between fluorme and phosphoms 

Reactions in Vivo The failure of earlier workers to take mto account the 
differences between the ChEs of the plasma and vanous tissues, or the kinetic 
factors mvolved m reversible inhibition resulted m conclusions which the data 
obtamed did not vmdicate Thus, Manning, Lang and Hall (203) attnbuted 
a dual action to physostigmme, — ChE-mhibition with preservation of endogenous 
ACh and a direct stimulatmg action on effector cells, — because they were able 
to obtam responses by mjectmg additional doses of the drug after it had been 
given m amounts sufficient to produce maximal mhibition of serum ChE Hey- 
mans et of (149) more recently arrived at a similar conclusion regarding the 
actions of physostigmme, neostigmme and DFP, although they apparently did 
not determme directly the inhibition of tissue ChE The quantitative studies 
of Clark and Raventos (56) on the kmetics of ACh-hydrolysis zn tnvo would be 
worth repeating in the light of the facts known at present 

ICrayer, Goldstein and Plachte (176) investigated the inhibition of serum ChE 
and rate of disappearance of physostigmme from the bloodstream when the drug 
was given by smgle mjections and continuous mtravenous mfusions to dogs 
They applied the necessary correction factors for equilibrium, destruction of m- 
hibitor, dilution and competition discussed above (123, 293) A given level of 
inhibition could be maintamed indefinitely by intravenous infusion at a prede- 
termmed rate, when the infusion was stopped, serum ChE activity rose rapidly 
to normal regardless of how long it had been depressed Fasciculation of skeletal 
muscles occurred when the level was below 15 per cent of normal The rate of 
destruction of physostigmme by the organism, m which the kidneys appeared to 
play a small part, was found to mcrease with mcreasmg concentrations of the 
drug, so that ^ter the ChE activity of the serum was depressed below 30 per cent 
of normal, it ivas necessary to give increasingly larger amounts to produce further 
mcrements of mhibition Similar results have been obtamed by Root (258) 
with neostigmme m dogs and m patients with myastliema gravis Both the 
hver and kidneys of dogs were found to take part in the destruction of the m- 

hibitor 
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DuBois and associates (71) have demonstrated the importance of penetration 
m govemmg the site of action of an anti-ChE drug Three compounds uere 
found to cause approximately equal inhibition of rat bram and submaxiUary 
ChE m vitro (carbamic acid, N,N-dimethyl-4 dunethylammo-3 isopropyl phenyl 
ester methiodide, physostigrame and neostigmine) When mimmal lethal does 
Mere mjected subcutaneously, the inhibition of ChE from these two sources and 
from the serum showed marked differences 
DFP reacts with ChE in mvo to produce irreversible inactivation of the enzyme. 
The reaction presumably is similar to that which occurs in intro However, 
certam of the other alkyl phosphates apparently react somew'hat differently in 
VIVO than in intro and these discrepancies w ill be discussed 
In eaily e-xpenments m which human subjects were exposed to low' concentra- 
tions of DFP, Mazur and Bodansky (21 1) observ'ed that serum ChE w as com- 
pletely inactivated at a time w'hen the subjects showed little or no response to 
the drug This surpnsmg finding was soon explained by studies which defined 
the relative susceptibility to inhibition by DFP of ChEs of different tissues In 
general, it has been show n by several investigators that the acetylcholme esterase 
of nervous tissue and erythrocvtes is less susceptible to inhibition by DFP both 
in intro and in viio than the ChE of plasma (2, 145, 147, 170) 

DFP inactivates ChE in mvo with extreme rapidity Thus death can occur 
within a few minutes after the mtravenous mjection of a dose capable of inacti- 
vatmg most of the tissue ChE The signs and symptoms of acute and chronic 
poisoning are discussed below The lethal dose of DFP m the monkey is approxi- 
mately 0 2 mgm per kg At the tune of death the ChE activity of the bram is 
virtually zero (211) Assuming that DFP is distributed throughout the total 
body water, the concentration of anti-ChE m the body fluids at equilibrium 
would be approximately 1 7X 10^ M The concentration of DFP required to 
produce 50 per cent inactivation of the ChE of monkey brain in vitro is 3 2 X 
10~* M Moreover, the concentration of DFP required to inhibit horse serum 
ChE IS the same for the native serum and a purified enzyme preparation from the 
same source Likewise, if hu man brain extract is heated to destroy ChE ac- 
tivity, the addition of this extract to human serum does not affect the sensitivity 
of the serum ChE to inhibition by DFP All these facts attest to the rather 
marked specificity of the reaction between DFP and ChE, both in mvo and in 
mlro However, there is ample evidence that DFP can react both in mvo and in 
mtro with substances other than ChE Evidence for a reaction between DFP 
and globulin was presented above The lethal dose of DFP is much higher 
when the mhibitor is mjected into the portal circulation than when mtroduced 
mto the systemic circulation (150) This may be due to an enzymatic inactiva- 
tion of the alkyl phosphate or possibly to a reaction between DFP and sub- 
stances other than ChE Also Harvey and coworkers (140) have shown that 
when DFP is injected mto the brachial artery of h uman subjects and is axcluded 
from the general circulation for a brief period by venous occlusion, no systemic 
effects of DFP are evident upon release of the occluding tourniquet Inasmuch 
as the doses employed were large (2 0 mgm) it must be presumed that the major 
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portion of the DFP reacted with and was inactivated by substances other than 
cholinesterase Wlien neostigmine was administered m the same manner there 
was no evidence of localized destruction, and systemic as well as local effects 
were observed 

In vitro evidence that neostigmine and DFP react with the same moiety of 
the ChE molecule and that the presence of neostigmme protects the enzyme from 
irreversible inhibition by DFP has been presented above The same antagonism 
can be demonstrated tn vivo and has practical significance m therapy Foster 
(175) first demonstrated that the prophylactic administration of physostigmine 
protected animals from the effects of DFP Harvey and associates (140) showed 
m humans with myasthenia gravis that the injection of DFP mto the brachial 
artery improved muscle strength m the treated arm for days Neostigmine pro- 
duced a similar response, but only for a few hours If DFP u as admmistered 
after neostigmme, the response m no way differed from that to neostigmine 
alone Apparently the presence of neostigmme protects ChE from irreversible 
inactivation by DFP tn vivo as well as tn mlro This findin g is of great practical 
importance In the treatment of glaucoma, myasthenia gravis and ileus, the 
alkyd phosphates are often employed only after the reversible ChE inhibitors have 
proved relatively meffective If an alkyl phosphate is to be given to a patient 
who has already received neostigmme or physostigmme, its admmistration should 
be delayed until the reversible inhibitor has been excreted 

The fact that DFP mhibits ChE irreversibly %n vivo has provided the means 
for studymg the rate of resynthesis of this important enzyme Plasma cholmes- 
terase apparently is formed m the hver and is resynthesized withm a few weeks 
(130, 170, 211) The rate of resynthesis is appreciably dimmished as a result of 
hver damage (130, 314) The ChE of bram and muscle is replaced much more 
slowly and as long as three months may be required after mactivation ivith DFP 
before normal ChE activity returns (170, 211) The curve depictmg regenera- 
tion rates is parabolic, with 50 per cent recovery occurrmg withm the first few 
weeks Erythrocytes are apparently mcapable of resynthesizmg ChE and values 
for red cell ChE activity return to normal after the mactivated cells have been 
replaced m the course of their physiological destruction Thus the rate of return 
of erythrocyte ChE activity provides mformation on the life cycle of the red cell 
(130, 170) 

All the alkyl phosphates thus far studied irre\ ersibly mactivate ChE tn vitro 
and attempts to reactivate the enzjme have been uniformly unsuccessful How- 
ever the pharmacological responses which follow the administration of HETP or 
TEPP are much more evanescent than those elicited by DFP For example, 
topical application of DFP to the eye produces a miosis which may last for days 
or weeks whereas the effect of HETP is gone withm 12 to 24 hours (69) There 
IS evidence of a prelimmary nature that the regeneration of tissue ChE occurs 
much more rapidly following the admmistration of HETP or TEPP than foUow- 
mg DFP, especially durmg the mitial phase (69, 127) It has been postulated 
therefore, that HETP tn vivo forms a more labile combmation with ChE than does 
DFP, and a significant amount of ChE can be reactivated and thereby fore- 
shorten pharmacological responses 
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Autoxoiuc Effector Cells The classical expenments of Loewa and his 
associates have resulted m the general acceptance of the hypothesis that stimula- 
tion of autonomic nerves results m the hberation of chemical substances at their 
endings, the so-called chemical mediators of the nerve impulse The designation 
autononuc nerves as either chohnergic or andrenergic logically follow ed the dem- 
onstration of the nature of the chemical mediators Further understandmg of 
the mechanism by w hich stimulation of chohnergic nen es elicited discrete re- 
sponses m effector cells was provided by studies of the properties and distnbu- 
tion of enzymes capable of hydrolyzmg ACh With this backgiound, the classi- 
cal observation of Englehart and Loewi (96) that physostigmme inhibits ChE 
affords an adequate explanation of the complex parasympathomimetic actions 
of the alkaloid and provides one of the rare instances m which the basic mecha- 
nism of action of a drug has been elucidated 

Studies of the effects of phj sostigmme on autonomic effector cells have proved 
mvaluable m estabhshmg present physiological concepts of autonomic function. 
Moreover the drug has been an essential tool m helpmg to establish firmly the 
mcontrovertible r61e of ACh as the chemical mediator released from postgangh- 
onic chohnergic fibers This has resulted m a large and familiar literature on 
the pharmacological actions of physostigmme and related compounds on auto- 
nomic effector cells which cannot profitably be reviewed at this time Suffice 
it to say that there are few if any actions of physostigmme on smooth muscles 
and exocrme glands which cannot be explamed on the basis of ChE inhibition and 
the consequent enhancement of the effects of endogenous ACL Thus the re- 
sponse of an effector organ to physostigmme is largely conditioned by the activ - 
ity of the chohnergic nerves which it receives It also follows that physostigmme 
will exert no promment actions on autonomic effector cells which have been de- 
pnved of chohnergic mnervation 

Smce the discovery of the irreversible anti-ChE activity of the alkyl phosphate 
compounds, these concepts have been confirmed and m no way basically altered 
The actions of the alkyl phosphates on autonomic effector cells are those that 
would be anticipated of an irreversible inhibitor of ChE The responses are simi- 
lar to those obtamed foUowmg the administration of physostigmme or neostig- 
mme but they are much more prolonged These will be briefly reviewed inas- 
much as the hterature is rather recent 

Eye The actions of the alkyl phosphates on the eye have been mvestigated 
more e.xtensively than those on other organs (192, 268, 269, 306) Following ex- 
posure to the vapors of the alkyl phosphates or topical apphcation of solutions, 
an mtense miosis develops withm a few mmutes This is followed shortly by 
spasm of accommodation with the lens fixed for near vision Following a smgle 
mstiUation of DFP m normal human eyes the spasm of accommodation lasts for 
days and the miosis persists for weeks On the other hand, the effects of HETP 
are much less persistent (69) The possible explanation of the evanescent action 
of HETP has been discussed above 

The mec hani s m of the miotic action of DFP has been mvestigated by Leopold 
and Comroe (192) They demonstrated that the chromcally denervated pupil 
does not constnct following the topical apphcation of DFP Thus DFP, like 
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portion of the DFP reacted with and was inactivated by substances other than 
cholinesterase Wien neostigmine was administered in the same manner there 
was no evidence of localized destruction, and systemic as well as local effects 
were observed 

In vitro evidence that neostigmine and DFP react ivith the same moiety of 
the ChE molecule and that the presence of neostigmme protects the en^nie from 
irreversible inhibition by DFP has been presented above The same antagonism 
can be demonstrated in vivo and has practical significance m therapy Koster 
(175) first demonstrated that the prophylactic administration of physostigmine 
protected animals from the effects of DPP Hai vey and associates (140) showed 
m humans w ith myasthenia gravis that the injection of DFP mto the brachial 
artery improved muscle strength m the treated arm for day^ Neostigmine pro- 
duced a similar response, but only for a few hours If DFP was administered 
after neostigmme, the response m no way differed from that to neosbgmme 
alone Apparently the presence of neostigmme protects ChE from irreversible 
mactivation by DFP tn vivo as well as in vitro This finding is of great practical 
impoitance In the treatment of glaucoma, myasthema gravis and ileus, the 
alkjd phosphates are often employed only after the reversible ChE mlubitorshave 
proved relatively meffective If an alkyl phosphate is to be given to a patient 
who has already received neostigmine or physostigmme, its administration should 
be delayed until the reversible inhibitor has been excreted 

The fact that DFP mhibits ChE irreversibly tn vivo has provided the means 
for studymg the rate of resynthesis of this important enzyme Plasma cholmes- 
terase apparently is formed in the liver and is resymthesized withm a few weeks 
(130, 170, 211) The rate of resymthesis is appreciably diminished as a result of 
liver damage (130, 314) The CliE of bram and muscle is replaced much more 
slowly and as long as three months may be required after inactivation w ith DFP 
before normal ChE activity returns (170, 211) The cun'e depictmg regenera- 
tion rates is parabolic, with 50 per cent recovery' occurring withm the first few 
weeks Erythrocytes are apparently mcapable of resynthesizing ChE and values 
for red cell ChE activity return to normal after the inactnated ceils have been 
replaced m the course of their physiological destruction Thus the rate of return 
of erythrocyte ChE activity provides mformation on the life cycle of the red cell 
(130, 170) 

All the alkyl phosphates thus fai studied irrei ersibly inactivate ChE tn vitro 
and attempts to reactivate the en^nne have been uniformly unsuccessful How - 
ever the pharmacological responses w'hich follow the administration of HETP or 
TEPP are much more evanescent than those elicited by DFP For nxample, 
topical application of DFP to the eye produces a miosis winch maj’^ last for days 
or weelcs whereas the effect of HETP is gone within 12 to 24 hours (69) There 
IS evidence of a prehmmarj'- nature that the regeneration of tissue ChE occurs 
much more rapidly following the admmistration of HETP or TEPP than follow- 
mg DFP, especially durmg the mitial phase (69, 127) It has been postulated 
therefore' that HETP in vivo forms a more labile combmation with ChE than does 
DFP and a significant amount of ChE can be reactivated and thereby fore- 
shorten pharmacological responses 
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of abdominal distention However, they seriously interfere ith other thera- 
puetic applications of the drug in that patients may e\penence epigastric dis- 
tress, abdommal cramps, nausea, vomitmg and diarrhea Atropme is of limited 
value m alleviatmg these symptoms 

Cardzovascular system The replacement of the pencardial fluid of the turtle 
heart with 0 0004 M DFP had no direct effect on the normal rh 3 ithm but greatly 
mcreased the degree of inhibition produced by vagal stimulation (58) In the 
isolated rabbit heart, large doses of DFP produced a brief penod of mhibition, an 
action apparently unrelated to its anti-ChE effect Subsequently, the prepara- 
tion exhibited marked and irreversible sensitivity to inhibition by ACh (248) 
Neither therapeutic doses of the alkyl phosphates m humans nor small doses in 
ammals have prominent effects on the cardiovascular system Presumably the 
penpheral effects of ACh are balanced by mcotmic actions on the adrenal medulla 
and sympathetic ganglia With large doses the blood pressure progressively falls 
to shock levels Complete A-V block occurs The cardiovascular effects can be 
prevented by atropine (69, 228) The actions of neostigmme on the cardiovascu- 
lar system have been studied m detail by Mendez and Ravm (220), and its elec- 
trocardiographic effects have been analyzed by Goldfinger and Wosika (122) 

Miscellaneous The effects of the alkyl phosphates on other autonomic effector 
cells have not been studied m detail but certain observations have been made in 
the course of studies of the general systemic actions of this group of anti-ChEs 
DFP (26) and physostigmme (271) enhance secretion by the submaxiUary gland. 
The sweat glands are stimulated by DFP Thus 20 per cent of patients receiv- 
mg DFP may perspire excessively (130) Less frequently lacnmation and sahva- 
ll in may be observed However, mcreased secretion of these glands, especially 
the sahvary, is prominent m animals receiving lethal doses In the patients of 
Harvey and associates who received mjections of DFP in the brachial artery, 
mcreased sweatmg occurred m the arm below the pomt of mjection and persisted 
for days (140) The actions of DFP on the bladder are not prominent m patients 
receiving therapeutic doses Urinary frequency is noted occasionally Dogs 
receivmg DFP over long penods exhibit urinary mcontmence (171) 

In summary, it may be said that nearly all the actions on the autonomic 
effector cells of the drugs discussed above can be accounted for by their inhibition 
of tissue ChE when they are given m moderate doses High concentrations ap>- 
phed to isolated organs have many effects which are undoubtedly direct ones, but 
it IS questionable that these are obtamed in vivo foUowmg S 3 rstemic admmistra- 
tion 

Autoxomic Gaxglia The theory of the chemical medmtion of the nerve 
impulse, first proposed to explam the transmission of impulses from postgangh- 
omc nerves to effector cells, was next extended to mclude synaptic transmission 
m autonomic ganglia Thus, preganghonie fibers synapsmg wnth either cholin- 
ergic or adrenergic postgangliomc neurons were designated as chohnergic The 
theory of chemical mediation at the gangliomc sjmapse has not received the gen- 
eral acceptance accorded the chemical transmission of postganghonic impusles 
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physostigmine (7) and neostigmine (190), has no direct action on the sphincter 
muscle cells of the iris and exerts no pharmacological effect on the absence of a 
source of ACh 

A decrease m intraocular tension accompanies the miotic action of DFP la 
the rabbit this is miariably preceded by an initial rise in tension, a phenomenon 
\chich 13 occasionally seen m glaucomatous eyes Von Sallmann and Dillon (306) 
ha\e shoun convincingly that the rise m tension results from the vasodilatation 
produced by the preserved ACh As a result of arteriolar dilatation the ciliary 
capillaries passively dilate and become more permeable to protein which gams ac- 
cess to the aqueous The rise in tension can be prevented by vasoconstrictors. 

The miosis and spasm of accommodation produced by DFP can be overcoms 
by high concentrations of atiopine The weaker parasympatholytic agents and 
the sympathomimetic drugs are much less effective Conversely, high concen- 
trations of DFP (0 2 per cent) effectively antagonize an atropme-mduced mydn- 
asis 

Follow mg the systemic administration of DFP the actions on the eye are not 
promment Therapeutic doses m humans cause few signs or symptoms referable 
to the eye, and miosis is promment in experimental animals only when lethal 
doses are administered 

Lung DFP, phy'sostigmine and neostigmine cause constriction of bronchial 
muscle (12Q) and mcieased secretion of bronchia! glands These effects of the 
alkyl phosphates are very promment m animals receiving large doses and con- 
tribute significantly to the lethal effects of this group of compounds The ac- 
tions on the lung aie also apparent m humans breathmg the vapors of alkyl phos- 
phates Following the systemic administration of therapeutic doses there may 
be a feehng of substemal tightness which may be due largely to cardiospasm 

Gastrointeslinal tract The isolated intestines of the rabbit and cat have been 
found to respond to DFP m the same manner as to physostigmine (11) After 
prolonged immersion m either drug the preparations continued to contract spon- 
taneously but were not affected by further doses of the same or the other agent. 
Inglefinger (160) has reviewed the earlier literature on the action of drugs on m- 
testmal motility The actions of DFP on the gastrointestinal tract tn vivo are 
prominent In animals there is an increase in tone of the mtestinal muscle as 
well as in tlie rate and amplitude of contraction (228) In the human, the mtra- 
rauscular injection of one to three mgm of DFP causes a marked mcrease m the 
motility of the small and large intestine (129) This overactivity subsides within 
three to six hours despite the fact that ChE presumably is irreversibly inhibited 
However, the bowel remains hypersensitive to other stimulants such as morphine, 
posterior pituitary extract and neostigmme for as long as one to three weeks. 
For example, doses of neostigmine or pitressm which normally are without effect 
produce abdominal cramps, nausea and frequently vomiting and diarrhea in a 
DFP-sensitized individual The intestinal actions of DFP can be antagonized 
by atropine and meperidine Morphme also reduces the motility but mcreases 
the tone 

The actions of DFP on the bowel provide the basis for its use m the treatment 
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synaptic delays of some gangliomc cells, (2) the lack of correlation between syn- 
aptic delay and facihtation or inhibition, (3) the lack of correlation betw een after- 
potentials and responsiveness of ganghon cells and (4) repetitne responses to 
smgle nerve volleys ' Physostigmine or neostigmine i\ as found to slow the rate 
of declme of the gangliomc mediator, Eccles’ negative results m this respect iiere 
attributed to his havmg used insufficient doses of physostigrame In the fight 
of his more recent findmgs, Eccles (79) has favored a dualistic theory of gangli- 
omc transmission, ivith the major emphasis on the electrical component Thus, 
he found the characteristic synaptic potentials set up by smgle or double pre- 
gangfiomc volleys to be unaltered by physostigmme, and considered that they 
resulted from the depolanzation of the ganglion cell by the direct effect of the 
action currents of the preganglionic fibers With tetamc stimulation of the pre- 
gangfiomc fibers, however, physostigmme decreased the stimulation frequency 
necessary to obtam summation and produced a prolongation of after-discharge 
associated with the appearance of a prolonged potential supenmposed upon the 
normal synaptic potential The prolonged potential as attributed to the effect 
of accumulated ACh which was presumably liberated normally m amounts too 
small to have any significant r61e m symaptic transmission For further ampli- 
fication of this viewpomt, the reader is referred to the recent reviews by' Eccles 
(82,84) 

Arguments against the theory of the transmission of ganglionic impulses by 
ACh have also been advanced by Lorente de N6 (197, 198) When he repeated 
the perfusion experiments of Kibjakow (167) he obtained no direct correlation 
between pregangfiomc stimulation and ACh liberation, but noted that the latter 
was usually associated with damage to the cells, as revealed by' histological ex- 
amination In keepmg with these results were the findmgs of others that the 
amounts of ACh released from esennized ganglia w'lth natural cuculation were 
extremely small (99, 200) It was suggested by Macintosh that this might mdi- 
cate a rapid resynthesis of ACh under physiological conditions to a precursor 
substance by some physostigmme-resistant mechanism (201) Recently, Em- 
mefin and Macintosh (95) have pomted out that the earlier perfusion studies 
were conducted with an esennzied Lock’s solution of a high pH (about 8 5) which 
caused the tissues to become edematous wnthm a short time Usmg a modified 
perfusion fluid of pH 7 4, heparinized plasma or defibnnated blood contammg 
adequate amounts of an anti-ChE agent (physostignune, DFP or TEPP), they 
consistently obtamed a constant amoimt of ACh m the venous efliuent foUowmg 
each pregangliomc volley 

Certam resemblances between the neuromuscular junction and autonomic gan- 
ghomc synapses have been noted (50) Just as motor denervation renders the 
former more sensitive to mjected ACh, preganglionic section produces the same 
effect on the ganglion cells (259) Similarly, ACh and the anti-ChE drugs have a 
decuranzmg action at both sites. Thus, Koppanyi and co-workers (173) found 
that physostigmme antagonized the gangliomc paralysis produced by mcotme 
or curare The same action was noted for both ACh and neostigmme by Cannon 
and Rosenblueth (50) and was attnbuted to the accumulation of sufficient ACh 
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to autononuc effector cells However, it explains many of the actions of anti- 
ChEs at a gangbonic site It is not within the scope of the present review to con- 
sider this controversial field in its entirety Attention will be focused on those 
investigations which help to elucidate the pharmacological actions of the anti- 
ChE drugs on autonomic gangha and on the contributions that these drugs have 
made to an understanding of the physiological events associated with ganglionic 
transmission 

In 1933, Kibjakow (167) reported that when the preganghomc fibers of the 
artificially perfused cervical ganghon of the cat were stimulated, the effluent con 
tamed a substance which when injected into the perfusate flowing to another 
ganglion resulted m contraction of the nictitating membrame The substance 
was collected m esermized perfusate and identified pharmacologically as ACh by 
Feldberg and Gaddum (99) They found that the addition of ACh to the in- 
flowing perfusate ehcited a similar action which could be potentiated by physo- j 
stigmme These results were mterpreted to mdicate that ACh normally acts as 
the transnutter of impulses from the preganghomc fibers to the ganglion cells. 
The theoiy was extended to mclude the transmission of splanchnic nerve im- 
pulses to the cells of the adrenal medulla by the confirmation of the earlier ob- 
servation of Stewart and Rogoff (289) that the administration of physostigmine 
greatly augmented the output of epinephrine when the nerves to the gland were 
stimulated, and by the additional findmg that ACh was hberated from the adre- 
nals during such stimulation (100) Further studies by Feldberg and Vartiainen 
(101) showed that whereas small doses of physostigmme potentiated responses to 
preganghomc stimulation, larger doses had a paralytic effect, like that of mco- 
tme, without interfering with the liberation of ACh No ACh was hberated in 
the ganglion followmg antidromic stimulation of the postganghomc fibers 
These results were confirmed by Macintosh and coworkers (144, 165, 200) who 
also found that the inclusion of calcium, oxygen and glucose or some other me- 
tabohte m the perfusion fluid was necessary for the prolonged continuation of 
both the discharge of ACh and the transmission of the axcitatory effect following 
preganghomc stimulation The stimulatmg effects of potassium on the ganghon 
were attnbuted by Brown and Feldberg (36) to the liberation of ACh by the ion, 
while ganglionic inhibition by high concentrations of calcium w as considered the 
result of its antagomzmg this action of potassium 

The foregoing data were presented by their authors as additional support to 
the neurohumoral theory However, Eccles (78) raised objections to the hy- 
pothesis on the basis of the axtremely rapid decay of the synaptic transnutter 
(1 6-2 5 m sec) which he did not believe could result from the enzymatic hydroly- 
sis of a chemical mediator Furthermore, he had noted previously (77) that the 
administration of moderate doses of physostigmme had no effect on ganglionic 
potential waves or on the facihtation curve of the postganglionic fibers, large 
doses produced only reduction or abohtion of gangliomc potentials Rosen- 
blueth and Suneone (261, 262) reinvestigated these aspects of the problem and 
concluded that the ACh theory provided a more satisfactory basis than the elec- 
tncal theory for mterpretmg most of their observations, mcluding (J ) the hag 
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erally be explained on the basis of relative penetration or some similar phenome- 
non At the same time, other drugs w ith httle or no anti-ChE activity, such as 
mcotme and pilocarpme, produce many of the same ganglionic effects, so that the 
possibility of a direct action on the ganglion cells cannot be exlcuded It must 
be admitted that while the majority of the evidence at hand favors the theory, 
it remains to he proven Bronk, Larrabee and coworkers (30, 185, 231), who 
ha\e published numerous basic studies on the events concerned with ganglionic 
transmission, have pomted out that most of their findings can be interpreted by 
either the chemical or the electrical theory The secondary r61e assigned to ACh 
m Eccles’ dualistic theory of ganglionic transmission fits midw ay m his over-all 
hypothesis, accordmg to which transmission at the neuromuscular junction is 
purely cholmergic and at central synapses purely electrical (84) Nachman- 
sohn’s theory (232) that transmission across the synapse is accomplished by the 
action current of the preganglionic fiber, with the subsequent liberation of ACh 
at a post-synaptic site, permits the same mterpretation of the mechanism of 
drug action on gangliomc synaptic transmission as those postulatmg the release 
of ACh at the terminations of the pregangbomc fibers 

Striated Muscle Shortly after Feldberg and Gaddum’s (99) proposal of the 
neurohumoral hypothesis of ganglionic transmission, evidence of a similar nature 
was ohtamed by Dale, Feldberg and Vogt (67) for the transmission of impulses 
from motor nerves to striated muscle fibers Although the subsequent develop- 
ments of the chemical theory for impulse mediation at these tw o sites have fol- 
lowed somewhat parallel courses, neuromuscular transmission has received more 
extensive study than gangliomc This has been due in part to the fact that the 
neuromuscular junction is more readily accessible to expenmental mvestigation, 
either n.nimnl or clmicaJ, and that it is possible to record directly both mechanical 
and electncal events foUowmg the transmission of impulses to muscle fibers 
Furthermore, mterest m neuromuscular transmission has been stimulated by the 
existence of a clmical entity, myasthenia gravis, where this process is defective 
and the defect can be more satisfactonly explamed on a chemical than on a purely 
electncal basis At the present time, the ACh theory is widely accepUd for 
transmission at the neuromuscular junction, although there are several opponents 
to its apphcation to ganghomc transmission 

Following the aforementioned experiments of Dale and coworkera (67), in which an 
ACh like aubstance was recovered from perfused atnated muacle after indirect or direct 
atimulation, Brown, Dale and Feldberg (35), by the close intra artenal injection of 2 0 pgm 
of ACh, produced contraction of the cat gastrocnemius equal in tension to that w hich fol- 
lowed maximal indirect stimulation Chronically denervated muscle show ed a response to 
as little as 0 001 /igm Small doses of physostigmine potentiated the response to ACh and 
converted the single twitch which normally followed a single maximal nerve volley to a 
brief tetanus Curare or large doses of physostignune or ACh produced inhibition of the 
response to ACh or nerve stimulation (229) Other ChE inhibitors, including methylure- 
thanes of aromatic ammomum iodides and hordenine, were found to act qualitatiiely 
identically with physostigmine on mammalian muscle Their potencies in this respect cor- 
responded closely with their anti-ChE activities (12) Brown (32) recorded action poten- 
tials from whole muscles and single fibers, and found that the response to injected ACh was 
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to overcome the increased threshold produced by curare Both drugs were found 
to augment the effects of preganglionic stimulation when given in low doses or 
when endogenous ACh appeared to be present at the synapse in submaxiraal con- 
centrations, when admini'^tered in high dose or just prior to a tetamzing pre- 
ganglionic volley their actions were depressant Chou and deElio (53) confirmed 
the decuranzmg action of physostigmine on the superior cervical ganglion, but 
under their experimental conditions obtained only a weak effect with physostig- 
mine raethiodide and none with neostigmine They ascribed these results to the 
failure of quatemaiy compounds to penetrate cell membranes adequately The 
same explanation might be offered for the findings of Schallek and Weirsma (265) 
on the crayfish ganglion, u here physostigmine and DFP produced a block, but 
ACh and neostigmine had no effect on synaptic transmission Neostigmine has 
also been shown to antagonize the depression of autonomic ganglia produced in 
dogs by dimethyl piperidines (305) and the tetraethyl ammonium ion (251) 
Marrazzi and Jarvik observed that the application of DFP to the infenor mes- 
enteric ganglion of the dog mcreased the number of post-synaptic fibers re- 
spondmg to submaximal preganglionic stimulation, without affecting the re- 
sponse of the non-synapsing fibers (206) Similar studies on arthropods have 
yielded less clear results In the sixth abdommal ganglion of the cockroach, 
Roeder and coworkers (256) found that DFP produced marked facilitation and 
after-discharge, alternating with penods of blocking, and caused sensitization to 
ACh However, neostigrame, physostigmine and strychnine produced only 
blocking They suggested that the anti-ChE compounds other than DFP might 
have a nicotmic paralytic effect on the ganglionic cells which prevented the de- 
velopment of facilitation, but concluded that m this species synaptic transmission 
13 dependent upon ChE On the other hand, Bullock (42), mvestigating the 
properties of smgle synapses in the ganglion of the squid, found that DFP blocked 
transmission reversibly but only when applied m extremely high concentrations 
similar to those required for blocking axonal conduction No hyperexci table 
phase was noted Studies on the crayfish ganglion have been noted above (265) 
It should be mentioned that the effects of various drugs differ markedly m these 
species at other sites, including the motor endplate (179-A) Koppanyi and co- 
workers (174, 278) compared the effects of some alkyl phosphates and physostig- 
mme on the pressor action of ACh m atropmized dogs, as a measure of their rela- 
tive effects on sympathetic ganglia TEPP was the most active m this respect 
followed by HETP, eserme and DFP The curve relating dosage to pressor 
effect for each of these drugs, as well as for ACh and nicotme, showed a double 
peak The significance of the second phase of potentiation, at doses well above 
those producing inhibition, could not be explained from the data at hand 
Whde practically all investigators believe that ACh plays a rdle m the metabo- 
lism of the autonomic ganglion and is in some way related to synaptic transmis- 
sion beyond this point agreement ceases Most of the pharmacological observa- 
tions of the effects of anti-ChE drugs at this site can be interpreted on the basis 
of their actmg only as enzyme inhibitors and with the full acceptance of ACh as 
the chemical mediator of transmission Exceptions to this statement can gen- 
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erally be explained on the basis of relative penetration or some similar phenome- 
non At the same time, other drugs w ith little or no anti-ChE activity, such as 
mcotme and pilocarpme, produce many of the same gangliomc effects, so that the 
posabihty of a direct action on the ganglion cells cannot be exlcuded It must 
be admitted that while the majonty of the evidence at hand favors the theory, 
it remains to be proven Bronk, Larrabee and coworkers (30, 185, 231), who 
ha\e published numerous basic studies on the events concerned with ganglionic 
transmission, have pomted out that most of their findings can be interpreted by 
either the chenucal or the electncal theory The secondary role assigned to ACh 
mEccles’ duahstic theory of gangliomc transmission fits midway in his o\er-all 
hypothesis, accordmg to which transmission at the neuromuscular junction is 
purely chohnergic and at central synapses purely electncal (84) Nachman- 
sohn’s theory (232) that transmission across the synapse is accomplished by the 
action current of the preganghomc fiber, with the subsequent liberation of ACh 
at a post-synaptic site, penmts the same mterpretation of the mechanism of 
dmg action on ganghomc synaptic transmission as those postulatmg the release 
of ACh at the terminations of the preganghomc fibers 

Striated Muscle Shortly after Feldberg and Gaddum’s (99) proposal of the 
neurohumoral hypothesis of gangliomc transmission, evidence of a similar nature 
was obtamed by Dale, Feldberg and Vogt (67) for the transmission of impulses 
from motor nerves to striated muscle fibers Although the subsequent develop- 
ments of the chemical theory for impulse mediation at these two sites have fol- 
lowed somewhat parallel courses, neuromuscular transnussion has received more 
extensive study than gangliomc This has been due m part to the fact that the 
neuromuscular junction is more readily accessible to experimental mvestigation, 
either nnimn.1 or chmcal, and that it is possible to record directly both mechamcal 
and electncal events foUowmg the transmission of impulses to muscle fibers 
Furthermore, mterest m neuromuscular transmission has been stimulated by the 
existence of a chmcal entity, myasthenia gravis, where this process is defective 
and the defect can be more satisfactonly explamed on a chemical than on a purely 
electncal basis At the present tune, the ACh theory is wudely acceptt d for 
transmission at the neuromuscular junction, although there are several opponents 
to its apphcation to ganghomc transmission 

Following the aforementioned experiments of Dale and coworkera (67), in which an 
ACh-like substance was recovered from perfused atnated muacle after indirect or direct 
stimulation, Brown, Dale and Feldberg (35), by the close intra-artenal injection of 2 Ojigm 
of ACh, produced contraction of the cat gastrocnemius equal in tension to that which fol- 
lowed maximal indirect stimulation Chronically denervated muscle show ed a response to 
as httle as 0 001 pgm Small doses of physostigmine potentiated the response to ACh and 
converted the single twitch which normally followed a single maximal nerve volley to a 
brief tetanus Curare or large doses of physostigmine or ACh produced inhibition of the 
response to ACh or nerve stimulation (229) Other ChC inhibitors, including methylure- 
thanes of aromatic ammonium iodides and hordenine, were found to act qualitatuely 
identically with physostigmine on mamma lian muscle Their potencies in this respect cor- 
responded closely with their anti-ChE activities (12) Brown (32) recorded action poten- 
tials from whole muscles and single fibers, and found that the response to injected ACh was 
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a shoit asynchroiioua totaiiua, the frequencies of the components of nhioh felt off along & 
charactonstio curve A qualitatively similar curve was obtained for the components of 
the tetanus following a single nerve volley to an esormiied muscle, in which the initial 
intervals between spikes corresponded closely to the absolute refractory period Tlia 
effects of physostigniino were attributed to the mamtenanoo in the muscle of a subhminal 
concentration of ACh These studies i\ ere extended to denervated manjm.ilian and am 
phibian muscle by Broun (33), and to avian muscle (37) and extnnsic ocular muscle (38) by 
Brown and Harvey In the muscles of all these groups, the administration of phyaoatig 
mine resulted iii a response of contracturo to ACh or to repetitive nerve stimulation, during 
which the initiation and propagation of excitation along the muscle fiber was blocked 
This phenomenon w as not observed in tiny other normally innervated mammalian muscle, 
but w as considered analogous to the block of propagation obtained elsewhere w ith depres 
sant concentrations of ACh, and presumably resulted from local depolarization of the fibers 
by the ester (3S) Another effect of physostigmine noted in extrinsic ocular muscle was the 
apparent lowering of the threshold for direct electrical excitation during full curariiation 

Harvey, Lilieuthal and Talbot (141) have investigated the effects of rapid 
intra-artenal injection of ACh and neostigmine mto the brachial artery of human 
subjects Besides its vasomotor and sudorific effects, ACh produced severe pain, 
sensations of flexion and bnef motor paresis The mjection of neostigmme re- 
sulted in more prolonged periods of locahzed motor paresis accompanied by visi- 
ble muscular fasciculation When similar injections were given to patientsmth 
myasthenia gravis, ACh produced a powerful localized muscular contraction, 
while neostigmine provoked an mcrease m motor power without the fascioula- 
tions or weakness noted m normal subjects (139) These and other observations 
(142) led the authors to postulate that the basic defect in myasthenia gravis is a 
reduction m the amount of transmitting agent released by nerve impulses, in as- 
sociation with an mcreased sensitivity of the muscle endplate, possibly resulting 
from a circulatmg toxic substance 

More recently, Harvey, Grob and coworkers (127, 140) have conducted similar 
experiments on the effects of the alkyl phosphates on neuromuscular conduction 
m normal human subjects and patients with myasthenia gravis The compounds 
were mjected mto the brachial arteiy and the drug was kept locahzed by a bnef 
period of venous occlusion In this manner they were able to obtam maximal 
effects in the muscles of the forearm with a minimum of systemic side-actions. 
Following the admmistration of DFP to normal mdividuals there was no change 
m the voltage of the muscle potential in response to a smgle maximal motor nerve 
stimulus However, the response became repetitive m nature and the initial 
spike was followed by a senes of smaller potentials which showed progressive de- 
cline in voltage When two maxunal nerve stimuli were dehvered, the voltage of 
the second muscle action potential was reduced When the nerve was stimulated 
repetitively, the second response was greatly depressed but the third and fourth 
showed a remarkable recovery This last observation is m distmction to the 
effects of neostigmine, where the muscle action potentials following repetitive 
nerve stimulation showed a progressive declme The authors could offer no e.x- 
planation for this discrepancy The ma.xnnal effects of DFP on muscle action 
potentials developed within 30 to 60 mmutes and were apparent for weeks In 
contrast, those of neostigmme given m a similar manner developed withm five 
mmutes and were gone wthm an hour 
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The electromyographic effects of TEPP (127) following intra-arterial mjection 
in normal and myasthenic subjects were descnbed as bemg mtermediate between 
those of neostigmme and DFP m respect to duration of action and degree of local- 
ization In normal subjects, TEPP produced a progressive dechne m the height 
of the muscle action potential evoked by a tram of motor nerve stimuh, similar 
to the picture seen after neostigmme In other respects, the actions of the 
three compounds were quahtatively identical 
The mtra-artenal mjection of curare antagonized competely the effects of 
DFP on the electromyogram Thus when the effects of the two drugs neutral- 
ized each other the muscle action potentials were of normal voltage and there 
were no repetitive responses (140) 

The contrastmg effects of DFP on muscle function m the normal and m 3 'as- 
thenic mdmdual should be emphasized The normal subjects m the study of 
Harvey and coworkers developed fasciculation and motor w eakness follow mg the 
mtra-artenal mjection of DFP, the degree and duration of which was propor- 
tional to the dose employed Followmg large amounts (2 0 mgm), pronounced 
paresis occurred and strength returned slowlj" over a period of 11 weeks The 
effects of DFP on neuromuscular function m the patient wath myasthenia gravis 
were entuely different Before the administration of an anti-ChE the electro- 
myogram of a myasthemc individual resembles that produced by curare A 
typical depression of the second of two action potentials occurs in response to a 
pair of maximal motor nerve stimuli WTien a tram of stimuli are apphed to the 
nerve, there is a progressive decrease m the size of the muscle action potentials 
The admmistration of DFP corrected the abnormal electromyogram of a patient 
with myasthema gravis so that the response to paued or a tram of stimuli w'as 
the same as that of a normal mdmdual mthout DFP The effects of the anti- 
ChE were apparent withm 15 minutes after mtra-artenal injection and were 
mamtamed for days No muscular fasciculation occurred and muscle strength 
was greatly mcreased (140) 

The sensitization of the motoi endplate to ACh m myasthenia noted by 
Harvey’s group (194) has been demed by Acheson and associates (1) who gave 
mtra-artenal mjections of ACh m much smaller doses to myasthenic and normal 
subjects Although the threshold doses for producmg contraction vaned greatlj', 
they found no significant difference between the two groups with respect to either 
the range of threshold doses or the type of contraction Harvey and coworkers 
(194) have confirmed this more recent obsen'ation Inasmuch as fasciculation 
IB dependent upon the synchronous finng of entire motor units (70) it was sug- 
gested that its appearance m the above studies might have been due to stimula- 
tion of some portion of the motor nerve fiber by ACh This is m keeping ivith 
the explanation offered by hlasland and Wigton, who found that the fascicula- 
tions resulting from the mtra-artenal mjection of large doses of ACh into the leg 
muscles of cats were accompanied by centnpetally conducted spike potentials 
m the correspondmg motor nerves (207) On the other hand, Eccles and co- 
workers (86) have demonstrated that retrograde transmission from endplate to 
motor nerve can occur in esennized preparations immediately after conditionmg 
voUej's have passed through the nerve m the normal direction Axon reflexes m- 
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volvmg entire motor units, initiated by such retrograde uhpulses, could alao ex- 
plam the faaciculation observed mth massive mtra-artenaJ doses of ACh As 
would be expected, chromcally denervated muscle does not exhibit fasciculatiou 
follow mg the admmistration of physostigmme (182) The mcrease in fibnllation 
produced by anti-ChE drugs m such preparations (260, 223) can hardly be attrib- 
uted to any specifio mechanism, smce the same efifect results from numerous 
types of stimuli 

The studies of Harvey and associates on the effects of DFP and TEPP on 
muscle function recall to mmd the syndrome of “gmger-paralysis” which was 
prevalent m the United States dunng the days of prohibition Field mvestiga- 
tions of the U S Public Health Service revealed that the paralysis occurred m 
mdividuals who drank certain lots of extract of Jamaica gmger, and M I Smith 
and coworkers (275) soon identified the offendmg agent as tn-orthocresyl phos- 
phate At that time the mechanism of action of the alkyl phosphates was en- 
tirely unknown Now, however, the mvestigations of Hottmger and Block (154) 
have established the fact that tn-orthocresyl phosphate is an irreversible anh- 
ChE Toxicity studies m dogs, cats and rabbits attest the ability of DFP to 
cause marked muscular paralysis and Harvey and associates have shoivn that a 
smgle large dose of DFP m humans can cause a paresis of long duration m normal 
muscle It IS possible, therefore, that the syndrome of “gmger-paralysis” is a re- 
flection of the effects of the prolonged loss of ChE at the neuro muscular junction 

DFP has been found to act qualitatively identically with physostigmme at the 
neuromuscular junction of the cat (34, 157) However, when a dmin istered other 
than intra-artenally, relatively large doses w'ere required to produce its effects at 
this site, due to the great uptake of the drug by the ChE of the plasma and other 
tissues This would account for the fact that it does not appear to produce as 
marked fasciculations and muscular twitchmgs as does physostigmme after sys- 
temic administration (3) 

In cats chromcally poisoned with DFP, Hunt and Hiker (158) observed effects 
similar to those seen m dogs (171), consisting of ataxia, muscular weakness and 
fasciculations The altered response to mtra-arterial ACh m these animals re- 
sembled that obtamed after chronic denervation, being characterized by m- 
creased sensitivity to ACh and a prolongation of contraction, also, tetanus was 
not mamtamed with faradic stimulation of the nerve Copp6e and Bacq (61) 
foimd no differences between the actions of physostigmme and DFP on the iso- 
lated nerve-muscle preparation of the frog other than the failure of DFP to re- 
inforce contractions with mdirect stimulation, an effect observed with difficulty 
m this species after physostigmme (35, 151) Fmerty (105) reported that the 
DFP potentiation of the effects of ACh on the frog rectus abdominus was much 
more marked m unbuffered Rmger-Locke solution, where the pH was 3 3, than at 
pH 7 0 Several factors, mcluding the effect of pH on the rate of hydrolysis of 
DFP, might have played a part m producmg this effect 

Guyton and MacDonald (132) made the mterestmg observation that the mtra- 
artenal mjection of ACh or nicotme, but not of neostigmme, produced muscular 
contractions m gumea pigs poisoned wth botuhnus toxin This fact and the 
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histological appearance of the motor endplates suggested that the toxin acted by 
mterfenng with the production or hberation of ACh The spasticity produced 
m the rat gastrocnemius by the local mjection of tetanus toxm was found to be 
mcreased by DFP but not modified by curare or neostigmine (133) 

Feng el al (102, 103) and Eccles and associates (85, 86) have utilized a more 
basic approach to the problem of neuromuscular transmission by recording end- 
plate potentials (e p p ’s) of muscle fibers stimulated \na the motor nerves under 
various conditions The most recent findings of the latter group have been sum- 
manzed m a review (84) m which, contrary to his earher opinion (80, 82), Eccles 
concludes that the transmission process at this site is purly cholmergic Eccles, 
Katz and KufHer (86) had found that physostigmine produced an mcrease and 
lengthenmg of the e p p m curarized muscle, and w ith repetitive stimulation 
brought out a slow wave of potential at the endplate which w'as scarcely detect- 
able in the absence of the drug The endplate potential was shown to be re- 
sponsible for mitiatmg the muscle impulse (178) Although these findings were 
onginally mterpreted as bemg m full accord with the neurohumoral theory, further 
studies by FiUenz and Hanafm (101) emphasized that the slow wave was much 
more markedly aSected by pbysostigmme than was the initial brief phase This 
led to the adoption of a dual theory m which the slow phase was attributed to 
ACh, the brief phase to the setting up of catelectronic polarization by the direct 
effect of the action current of the presynaptic axon A similar conclusion was 
amved at by Coppfe (60) as a result of his studies of transmission m the frog sar- 
tonus However, Eccles and MacFarlane (87) have recently found both phases 
to react identically by several teats (curarme and ACh effects, temperature co- 
efficients, potentiation and dechne wuth repetitive stimulation), so that the brief 
phase, by analogy, is now considered by Eccles to result from the action of ACh 

Evidence suggestmg that neostigmme has a direct action on the neuromuscular 
junction has been pubbshed by Hiker and Wescoe (254) After completely m- 
activatmg the ChE of the cat gastrocnemius by the mtra-arterial mjection of 
DFP, they obtamed typical normal contractions follow'mg mtra-artenal mjec- 
tions of ACh or neostigmme Harvey and cow orkers (194) were unable to con- 
firm this observation but do not consider their negative result conclusive Me- 
quel (226) reported that the complete mactivation of the ChE of the frog rec- 
tus abdommus did not prevent its bemg further sensitized to ACh by physostig- 
mine or neostigmme, and concluded that both compounds acted directly on the 
muscle Bacq (11) obtamed a similar result with the toad but not ivith the frog 
rectus 

As Hiker and Wescoe have pomted out, the chemical and pharmacological 
similarities between ACh, carbammoylcholme and neostigmme pomt strongly to 
the hkelihood that the last-named compound exerts a direct effect on skeletal 
muscle However, it does not neceasanly follow that this is its primary effect 
foUowrmg the systemic administration of small doses That neostigmme does not 
act directly on the unstnated muscle of the ms sphincter has been mentioned (7) 

The narrow dosage range m which TEPP is therapeutically effective and non- 
toxic m myasthenia gravis patients, compared with the muchwnder dosage range 
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possible with neostigmine, led Grob (127) to suggest that the latter drug may act 
by some other mechamsra m addition to its anti-ChE effect .\11 his results with 
TEPP were explainable on the basis of ChE inhibition Beck and Frommel (13) 
decided that neostigmme acts directly on skeletal muscle from their measure- 
ments of its lowenng of the tetanizmg frequency for human and guinea pig 
muscle, although they secured no direct evidence for such a mechanism 

An entirely different mode of action of neostigmine has been claimed by two 
groups The muscle potassium content in myasthenm gravis patients, but not 
in normal subjects, ivas reported by Cummings (65, 66) to fall concomitantly 
with a rise in serum potassium following the injection of neostigimne Thomp- 
son and Tice (296) obtamed the opposite effects m dogs and rats, while their 
results with myasthemc mdividiials were mconsistent However, both groups 
pf mvestigators attributed the beneficial action of neostigmme m myasthenia to 
Its effects on potassium balance rather than to its anti-ChE activity It is quite 
possible that these effects were the result of epmephrme liberation (100), smce the 
hormone has been reported to produce either a nse or fall m serum potassium de- 
pending upon the conditions of the &vperiment No significant or consistent 
changes m serum potassium were noted m dogs following snflucient doses of DFP 
to produce severe nicotmic effects (172) 

Curare antagontam The long-established antagonism between physostigmme 
and curare and the similarity between the signs of curare poisomng and the weak- 
ness in myasthenia gravis led to the origmal trial of physostigmme (309) and later 
of neostigmme (310) m the treatment of this disease Eaily quantitative studies 
of this antagonism by Bnscoe (29) and Cowan (62, 63), and the more recent work 
of Bulbrmg (40, 41) with the isolated phrenic nerve-diaphragm preparation, have 
indicated that curare produces its effect, m broad terms, by raismg the threshold 
for ACh, and that the decurarizmg action of physostigmme and related drugs is 
directly associated with their anti-ChE activity However, Hmdobro and Jor- 
dan (156) obtained a very similar decuranzmg effect with mkethamide, a com- 
pound which has no anti-ChE activity Hmdobro’s (155) studies of the effects 
of several other compounds on the curare-neostigmme antagonism led him to con- 
clude that this phenomenon could not be explained adequately by the threshold 
hypothesis The failure of Unna and Kimura (300) to obtain sigmficant protec- 
tions agamstd-tubocuraime poisomng m mice can be attnbuted to the previously 
mentioned observations (34, 157) thatDFP locahzes poorly at the neuromuscular 
junction foUowmg systeimo admmistration In rabbits. Chase and coworkers 
(52) found DFP to afford a prolonged defimte mcrease m the “head-drop” dose 
of d-tubocurarme 

The studies of Eccles and associates, which have focused attention on the end- 
plate potemtal as the critical stage m neuromuscular transmission, have provided 
more direct information on the mechanism of curariform action Progressive 
curanzation was foimd to dimmish gradually the e p p foUowmg nerve stimula- 
tion until, at about one-third of its normal height, it failed to mitiate the muscle 
impulse (178) The reasonable suggestion was advanced that curarme opposes 
the depolarizmg action of ACh by combining with the same chemical receptors 
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at the endplate region (86) The additional presence of moderate concentra- 
tions of an anti-ChE drug would thus favor the transmitter action of ACh by 
preservmg temporarily greater amounts to compete with curanne for the recep- 
tors Whereas moderate concentrations of physostigmme alone ivere shoam to 
mcrease the e p p , excessive amounts caused it to become decreased and further 
prolonged The authors were mchned to attribute this effect to a combination 
between physostigmme and the receptors, similar to the postulated action to 
curanne However, it is possible that this picture might have beeen produced 
by a persistent depolanzmg action of excessive endogenous ACh, smce polonged 
depolarization is also knowm to block transmission Furthermore, when used m 
high concentrations, numerous unrelated anti-ChEs (177), as veU as ACh itself 
(229), are “curanform” with respect to their effect on the mechamcal response of 
muscle Measurements of the demarcation potentials produced by vanous anti- 
ChEs at the endplate under appropriate conditions, similar to those made by 
Kuffler (179) mth ACh and other drugs, should settle this pomt These and 
related studies have been discussed m detail by Kuffler (179-A) 

Eiythroidme (276) and quinine (136) appear to be antagonized by neostig- 
mme m the same manner as is curare Procame, m addition to possessmg a 
curanform action, mterferes with the hberation of ACh at the neuromuscular 
junction (137, 161) 

The effects of curare, ACh and other drugs have been studied by means of 
micro-apphcation techniques by Buchthal and Lmdhard (39) and histologically 
by Carey (51) Remvestigation of certam phases of their work m the hght of 
more recent developments might prove fruitful 

The reviewers are m accord with the theory that synaptic transmission be- 
t\\ een motor nerve endings and the motor endplate of striated muscle is chemi- 
cally mediated Certainly, the actions of the anti-ChE drugs at the neuro- 
muscular junction can most readily be explamed on the basis of such a theory 

Central Nervous Sistem The comprehensive review by Feldbeig (98) 
which appeared m 19-15 contamed an extensive coverage of the hterature on the 
actions of anti-ChE agents at central sites Consequently, the present dis- 
cussion will be concerned chiefly with pubhcations that have appeared smce 
then Feldberg stated “The present position of the theory of acetylcholme as 
^central transmitter is all but settled ” While admittmg that certam facts were 
difficult to reconcile with the theory, he mentioned as supportmg Imes of evi- 
dence the presence of ACh and ChE m the central nenmus system, the abihty 
of nervous tissue to synthesize ACh, and the central effects of ACh and the anti- 
ChE agents Most of the subsequent mvestigations have been along the same 
hnes One important new research tool has appeared, however, m the form of 
the alkyl phosphates Results already obtamed with these irreversible anti- 
ChE agents suggest that they will add considerably to the understandmg of 
central nervous mechanisms 

Smce Sjostrand (272) first reported on the electroencephalographic effects of 
appljnng ACh and related drugs to the cerebral cortex, several mvestigators have 
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employed this technic The significance of such studies has been questioned 
by Eccles (83) on the basis of the high concentrations necessary to evoke effects 
and the osmotic factors mvolved However, Miller (224) obtamed excitation 
of the hypoglossal nucleus of the cat by appl3ang bits of test paper soaked in 
1 50,000,000 ACh to the floor of the fourth ventncle The action was poten- 
tiated by physostigmme and abolished by atropme Merritt and Brenner (221) 
noted that the cortical application of relatively low concentrations of ACh 
(0 05-0 5 per cent) plus neostigmme, or of more concentrated solutions of ACh 
alone, resulted m an EEG pattern m the cat which resembled that of grand mal 
The effect was blocked by the subsequent application of diphenylhydantoin 
The cortical suppressor areas have likewise been shown to be sensitive to the 
application of ACh and eserine by Becket and Gellhom (14) The effect im 
manifested by a temporary dimmution of electrical activity m the corresponding 
motor areas of the cortex, and by the failure of the latter to respond to direct 
electrical excitation, as mdicated by electromyograms taken from the represented 
muscles The authors also noted that the direct application of a punfied prep- 
aration of ChE from dog pancreas to the cortex resulted m a dimmution of elec- 
trical activity folloivmg afferent stimuli or the application of convulsant drugs. 
This latter finding is remmiscent of Mendel and Hawkins’ (215) observation that 
the mtravenous admmistration of a ChE preparation abolished the pupillary 
reflax m rats Forster and associates (109, 110) have described a depression of 
cortical electrical activity immediately following the application of ACh, which 
•was succeeded by the appearance of ACh discharges The depression was ac- 
companied by decreased cortical response to vanous sensory stimuli, and spread 
over the cortex m a Imear fashion It also appeared m distant areas m which 
subsequent ACh discharges were not apparent The primary type of ACh dis- 
charges remamed sharply localized, while secondary and tertiary discharges 
spread along what appeared to be neuronal paths The significance of these 
observations remains open to speculation, relatively high concentrations of ACh 
were used 

A study by Bomstem (24) mdicates that the hberation of ACh may be par- 
tially responsible for the syndrome immediately foUowmg concussion When 
dogs and cats were subjected to experimental concussion under light anesthesia, 
the cerebrospmal fluid was found to contam abnormal amounts of ACh for as 
long as 48 hours afterwards Durmg this time characteristic beha'vior and EEG 
patterns were noted, both of which were abolished by atropme The adminis- 
tration of equivalent concentrations of ACh by perfusion over the exposed cortax 
or by mtracistemal mjection resulted in similar changes which atropme hkeivise 
corrected 

Emmelm and Jacobsohn (94) have developed a techmc for introducmg drugs 
mto the hypothalamic region of cats, in which the matenal remains confined 
to the limits of the thurd ventncle ACh, physostigmme or neostigmine given 
m this manner m doses of 50 /igms produced respuatoiy and sjmipathetic ef- 
fects (apnea, inhibition of motility and tone of gut and bladder, decreased vol- 
ume and acidity of gastric juice, mcreased volume of salivaiy secretion) similar 
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to those obtained by electncal stimulation of definite hypothalamic regions 
Removal of the celiac ganglion and adrenals prevented the response of the m- 
testme but not that of the bladder, confirming the inference that the drugs acted 
on sympathetic centers Smular effects were observed in human subjects by 
Henderson and Wilson (148) followmg the mjection of ACh and physostigmme 
mto the lateral ventncles Duect evidence that ACh stimulates the cells of the 
supraoptic nucleus and thus causes secretion of the antidiuretic hormone has 
been obtamed by Pickford (245) ACh (7 /igms) or physostigmme (8 jigms) 
mjected into this region m dogs produced inhibition of unnary flow which was 
not obtained \nth mjections mto nearby areas or after hypophysectomy Sen- 
sitization to ACh followmg denervation, which Brown and coworkers (35) 
demonstrated m stnated muscle, occurs also m the central nervous system 
Stavraky and associates (280) removed portions of a frontal lobe m cats and ob- 
served that mtravenous mjections of ACh then resulted m striking motor and 
sympathetic mamfestations on the contralateral side These effects were pre- 
sumably mitiated m neurones which previously had been connected with the 
ablated areas When patients wnth lesions of the premotor and motor cortices 
were given mtravenous mjections of acetyl-yS-methylcholme, similar effects 
were noted (107) Deafferentation of the bmbs of cats sensitized the motor 
neurones of the antenor horns to both nervous and chemical stimulation The 
chemical sensitization was not specific for ACh, how'ever, and held for a va- 
nety of stimulants (281, 294) 

Calma and Wnght (48) have recently summarized the findings of several m- 
vestigators concemmg the central effects of physostigmme on reflexes Poten- 
tiation occurred most frequently, although transient or predominant inhibition 
was not uncommon, depending .upon the technics and preparations employed 
In comparmg mtrathecal wath mtravenous admmistration m the cat, they found 
that the concentration m the spmal fluid had to be brought to approximately 
200 tunes that requued m the blood to produce certam reflex effects, mdicatmg 
that physostigmme penetrates the white matter poorly. With the former route 
they obtamed mcrease m the knee jerk, crossed extensor reflex, and jar reflex, 
along with an mcrease and prolongation of after-discharge Effects on the flexor 
reflex were mconstant Physostigmme also gave evidence of affecting irradia- 
tion, occlusion and facilitation The last mentioned phenomenon appeared to 
be dependent on some degree of “long circuitmg”, contrary to the fmdmg of 
Wikler (316) that m the cat, physostigmme produced enhancement of 2-neuron 
arc discharges but had little effect on multmeuron arc discharges In an earher 
pubhcation, Schweitzer, Stedman and Wnght (270) obtamed a close parallelism 
between the anti-ChE activities of a number of physostigmme-like compounds 
and theu effects on spmal reflexes However, most of the tertiary ammomum 
bases were excitatory, whereas the quaternary compounds were inhibitory m 
their central actions The difference was attnbuted to the abibty of the free 
bases to penetrate the cell membranes and inhibit mtracellular ChE 

From studies of synaptic potentials m the anterior horn cells of the cat and 
frog, Eccles (81) has concluded that ACh plays no significant r61e m transmission 



196 


GEORGE B KOELLE AND ALFRED GILMAN 


in monos3TiaptJo pathways m the spinal cord Soaking the forg or cat cord m 
physostigmine (1 10,000) did not modify the catalectronic potentials set up m 
the motoneurons by afferent impulses at frequencies of 210 to 400 per minute. 
Similar treatment with neostigmine and ACh was likewise without effect (83) 
The author beheves that the synaptic potential, which is considered homologous 
with the endplate potential m striated muscle, is produced solely by the direct 
electncal effect of the action currents of the dorsal root fibers However, these 
studies do not provide direct evidence of the degree of inactivation of ChE in 
the regions of the synapses As mentioned above, penetration of the spinal 
cord by physostigmme is apparently limited (270), the quaternary compounds 
are probably even less permeative It has been shoira with DIT that the ChE 
m the central nervous system must be inhibited to a considerable extent before 
effects are apparent (170, 211, 236) 

Gesell and associates (106, 115,1 16) have advanced the theory, backed by con- 
siderable experimental work, that central and penpheral nervous integration is 
accomplished largely by the inhibitmg effect of acid on ChE The chief soutca 
of the acid is considered to be COi, which because of its high diffusibility is held 
to produce rapid mtraneuronal changes m pH as a reflection of its concentration 
m the blood Unanswered is whether under conditions of moderate hypercapnia 
the mtracellular pH can fall to sufficiently low values to produce sigmficant m- 
hibition of the enisyme The hyperpnea produced by COj, like that following 
DFP, physostigmme or neostigmine, was found to be antagonized by atropine 
(112) A supplemental relationship between ACh and COj in the regulation of 
cerebral circulation has been suggested by Darrow and coworkers (68) 

Slaughter and associates (273, 274) obtamed marked potentiation of the anal- 
gesic effects of morphme and other opiates ivith small doses of neostigmine. 
This action was not found by Andrews (8), most of whose subjects were addicts, 
but was confirmed by Flodmark and Wramner (108) The latter group noted 
that physostigmme or neostignune given alone also produced elevation of the 
pain threshold Wramner (318) has found that the same potentiation exists m 
the Straub test for morphme m mice It should be emphasized that the poten- 
tiation noted in these studies does not mdicate a common mode of action of these 
two drugs The effect is equally well explained by the assumption that morphme 
has a direct ACh-hke action on the neurones mvolved, while neostigmine or 
physostigmme acts pnmanly by preserving endogenous ACh 

The alkyl phosphates as a group exhibit more prominent central actions than 
do the reversible anti-ChEs This is probably due to the high hpid-solubihty 
of the alkyl phosphates and the rapidity ivith which they gam access to nervous 
tissue and reduce the ChE activity of the bram to critical levels Grob (127) 
found that the oil water partition coefficient of DFP, which has marked central 
effects, was considerably higher than those of neostigmine or TEPP, the central 
actions of which are much less apparent Many members of the senes are po- 
tent convulsants and animals apparently die of central rather than penpheral 
actions The convulsions are dome and tonic and contmue without interrup- 
tion It IS of extreme mterest that they can be rapidly and completely abolished 
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by low doses of atropine (117) In curanzed cats and monkeys the administra- 
tion of DFP produces changes m the EEG charactenzed by an mcrease m fre- 
quency of discharge and a decrease m voltage Agam these effects can be rap- 
idly abolished by atropme or scopolamme (313) 

DFP also has marked central effects m humans and these greatly detract from 
the therapeutic usefulness of the drug (130) Normal human subjects receivmg 
full therapeutic doses of DFP over protracted periods develop the f oUowmg 33Tnp- 
toms referable to the central nervous system, listed m order of frequency ex- 
cessive dreammg, insomnia, jittenness and restlessness, mcreased tension, emo- 
tional lability, subjective tremulousness, nightmares, headache, mcreased bbido, 
giddmess, drowsmess, paresthesias, mental confusion, visual hallucmatioiis and 
tremor Changes m the EEG occur and consist of greater variations m poten- 
tial, mcreased frequency (with mcreased beta rhythm), more irregularities m 
rhythm and the mtermittent appearance of abnormal waves similar to those 
seen m patients with grand mal epilepsy The mcreased electncal activity of 
the bram can be inhibited immediately by the admmistration of atropme The 
prophylactic administration of atropme can delay the appearance of EEG 
changes for several weeks However, sjnmptoms of central ongm can be pre- 
vented for only a few days and appear m the absence of abnormal electncal activ- 
ity of the bram (128) 

DFP also mcreases spinal cord activity m humans (130) This was particulaly 
evident m two patients with late central nervous system syphilis who had upper 
motor neurone lesions These patients had spastic paraplegia of the lower ex- 
treimties and no distrubance m the innervation of the upper extremities In 
both, the administration of DFP resulted m mtermittent and mvoluntaiy 
spontaneous movements of the thigh and calf muscles which were mcreased 
greatly by passive stretchmg of the muscles and by volunatry movement 
Presumably the upper motor neurone lesions sensitized the anterior horn cells to 
stimulation by ACh, these patients are the chmcal counterpart of the expen- 
mentaUy denervated animals of Garmon and Haimovici (49-A) 

There is httle doubt that the central actions of the alkyl phosphates are due to 
the mactiviation of ChE and not to a direct action of the chermcals on effector 
cells No other enzymes appear to be mhibited and oxygen consumption of 
nervous tissue is not affected (91) It is also worthy of comment that the con- 
vulsions produced by anti-ChE drugs are the only type that can be blocked 
specifically by Ion doses of atropme These lindmgs by no means necessitate 
acceptance of the theory that central synaptic transmission is accomplished by 
means of chermcal mediators However, it would appear difficult to deny the 
fact that cells withm the central nervous S 3 fstem possess receptors that can be 
stimulated readily by ACh and that this effect can be blocked by atropme and 
scopolamme Indeed it would be of great mterest to study further the central 
actions of atropme and scopolamme, particularly m relation to chemical media- 
tion m central synaptic transmission 

Axonal Conduction The theory that ACh functions not only m synaptic 
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transmission but also m impulse propagation along nerve axons and muscle fibers 
has been proposed by Nachmansohn and associates (43) According to the 
theory, the release of ACh plays an important r61e m the breakdown of membrane 
resistance leading to depolarization, and its hydrolysis permits repolanzation 
Inasmuch as the effects of anti-ChEs have been widely used, both m support of 
and attack upon the theory, the subject will be reviewed in some detail 
If the release of ACh is an important event in depolanzation, and its hydroly- 
sis 13 essential for repolanzation, experimental mterference with the sequence of 
chemical events should mterrupt conduction For example, the local applica- 
tion of ACh to a nerve trunk in high concentration should immediately depolar- 
ize the membrane However, Lorento de N6 (199) observed that nerve impulse 
propagation was not affected by soaking a medullated nerve m a 0 9 per cent 
solution of ACh Nachmansohn attributes this failure to the inability of a 
quaternary ammonium cation to penetrate myelm (263) To meet this objec- 
tion, Eccles (83) has demonstrated that the application of 10"’ M solutions of 
ACh and an adequate concentration of anti-ChE fails to block impulse trans- 
mission during repetitive stimulation of nonmedullated fibers He points out 
that there is incontrovertible evidence that ACh is liberated from postganglionic 
cholinergic nerve terimnals and hence is able to penetrate an activated nerve 
membrane Therefore, Nachmansohn’s objections could not apply to nonmedul- 
lated fibers 

According to Nachmansohn’s theory, the loss of ChE activity m nerve fibers 
should also interfere with the propagation of the impulse by leading rapidly to 
persistent depolarization The demonstration that the highly lipid-soluble DFP 
inhibited ChE irreversibly offered a unique opportunity to investigate this pomt 
Nachmansohn and associates (45) and Crescitelli and coworkers (64 )siraulta' 
neously and independently conducted experiments based upon the premise that 
physostigmme and DFP should block axonal conduction, the former reversibly, 
the latter irreversibly Both groups demonstrated that the application of high 
concentrations of either anti-ChE could block conduction, but the action of 
DFP could be readily reversed by washing provided the exposure was not of too 
long duration To account for this, Nachmansohn and associates demonstrated 
that whereas the inhibition of ChE activity by DFP was immediate, irreversible 
inactivation was a delayed event, the duration of which was a function of con- 
centration of inhibitor and temperature (240, 2il) In a series of papers, they 
have related reversible and irreversible nerve block by DFP to the above func- 
tions (44, 45, 46, 97, 131) In other words, if nerves are exposed under condi- 
tions which would lead to an irreversible mactivation of cholinesterase, impulse 
propagation cannot be restored On the other hand, the block produced by 
physostigmme can be reversed after long exposure of the nerve to high concen- 
trations of this reversible ChE inhibitor 

The parallelism between the irreversible inactivation of ChE and irreversible 
nerve block loses much of its significance when one examines experiments de- 
signed to dissociate the two phenomena, a fact that has been emphasized by 
Eccles (84) In the experiments of Crescitelli and associates frogs svere mjected 
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With enormous amounts of DFP (2 0 grams per kilogram) and their sciatic nerves 
removed after one or two hours No disturbance m conduction could be re- 
vealed when compared w'lth control nerves, despite the fact that no ChE activ- 
ity could be detected by the conventional Warburg technic Similarly, Boyarsky 
and cow orkers (25) exposed frog sciatic nerves to solutions of DFP (0 003 M) 
m peanut oil for thee hours Conduction was unimpaired, yet no ChE activity 
could be detected by mcubating the ground nerve wuth ACh and deternunmg the 
rate of disappearance of the substrate by bioassay Nachmansohn has objected 
to each of these expenments on the basis of the technics employed He claims 
that the manometnc procedure is not sufficiently sensitive to reveal the small 
residuum of ChE activity that w’ould support nerve conduction The objection 
to Boyarsky’s technic was based upon the large amount of substrate employed 
relative to that which w'ould be evpected to be hydrolyzed Nachmansohn 
and cow'orkers repeated both of the above types of expenments using the bio- 
assay technic to determme the hydrolysis of small amounts of ACh (97) They 
emploj ed only 100 ii gm of substrate per 100 mgm of ground nerve This mrx- 
ture was incubated for three hours Solutions of ACh contammg no protein 
seiwed as controls At the end of the mcubation penod, both types of solutions 
were treated with protem precipitants and the ACh content of the supernatant 
fluid detenmned by bioassay The results mdicated that enough ACh had dis- 
appeared from the experimental mixture to assign to the nerves seven to eight 
per cent or more of their onginal ChE activity Ignored or uncontrolled by this 
technic was the possible effect of the protein precipitate m removing the small 
amount of ACh that disappeared dunng the procedure as well as the fact that 
many non-specific enzymes relatively msensitive to inhibition by DFP could read- 
ily have destroyed the ACh inasmuch as the ratio of crude enzyme source to sub- 
strate was 1000 1 on a weight basis 

Nachmansohn’s criterion of the amount of ChE activity necessary to main- 
tain conduction is also subject to mteresting vanations For example, he main- 
tains that the frog sciatic nerve can conduct normally w hen its ChE content is 
so low as to permit detection only by most elaborate procedures (97), whereas 
conduction m the lobster cord is markedly reduced or completely blocked when 
there is still 38 per cent and 21 per cent of esterase activity remanung, respectively 
(45) If one defines the amount of ChE activity compatible w ith axonal trans- 
mission as that amount which remains, no matter how small, when axons con- 
duct, and defines the amount of ChE activity mcompatible with axonal trans- 
mission as that amount which remams, no matter how large, w'hen axons fail to 
conduct, there might possibly be some vahdity m the Nachmansohn hypothesis 
However, the reviewers doubt x’ery much that the frog nerves employed m the 
above experiments possessed any ChE activity and consider the methods em- 
ployed by Nachmansohn to salvage some activity m support of his theory m- 
adequately controlled 

The experiments of Nachmansohn and coworkers have been severely criti- 
cized on the basis that the high concentration of DFP or physostigmme (circa 
01 M) required m the fluid bathmg the nerve m order to block conduction is 
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many thousand tunes that necessary to inhibit ChE Nachmansohn has at- 
tempted to explain this by postulatmg that the highly hpid-soluble DFP, which 
should readily penetrate myelm, is present in the nerve axoplasm m only minute 
amounts To support this, he has measured the DFP content of the extruded 
axoplasm of squid giant axons that had been exposed to a solution contauuag 
1 mgm per cc of the inhibitor and found it to be m the order of only 1 ;i gm per 
cc (97) The DFP content was measured by deter mini ng the anti-ChE actmty 
of the axoplasm This method is entirely inapplicable inasmuch as Brauerhas 
shown that m the reaction between DFP and ChE, both enzyme and inhibitor 
are destroyed Moreover, DFP also reacts with globulins and is thereby in- 
activated For example, DFP reacts with various tissue constituents so avidly 
that when it is mjected mto the radial artery it is completely mactivated by the 
tissues of the forearm provided there is a bnef penod of venous occlusion There- 
fore, the technic employed by Nachmansohn would not be apphcable unless a 
long period of equdibration permitted all the cellular consitutents capable of 
reactmg ivith DFP to do so In contrast to DFP, Nachmansohn found that 
esenne, which is not mactivated by reactmg ivith ChE, distributed itself equally 
between the axoplasm and the fluid of the bath at concentrations up to 10“’ M 
This 13 many times the concentration necessary to inhibit ChE and yet concen- 
trations of this order or higher are necessary to block conduction Nachman- 
sohn explains this discrepancy by postulatmg a low dissociation constant of the 
tertiary amme ivithm the axoplasm Puttmg all of Nachmansohn's findings to- 
gether one IS faced with the conclusion that DFP, which is somewhat more active 
than esenne m blockmg nerve conduction, attains a concentration withm the 
axoplasm only 1/1000 that of eserme at the tune of block This finding is 
scarcely compatible with the fact that esenne is a more active inhibitor of ChE 
than is DFP 

A seemmgly irrefutable objection to the Nachmansohn theory has been raised 
by Toman and coworkers (297) They stated that the logic of the ACh hypoth- 
esis demands that anti-ChEs produce conduction block by the depolanzmg 
action of accumulated ACh They then performed the simple, decisive expen- 
ment of measurmg action potentials and demarcation potentials dunng the course 
of nerve block mth DFP and esenne Conduction failure occurred without de- 
polarization, a phenomenon that is also characteristic of block by local anesthet- 
ics Furthermore, they argued that accordmg to the ACh hypothesis one would 
expect signs of excitation m nerves treated with sub-blockmg doses of anti- 
ChEs However, the least detectable action of DFP or esenne was to mcrease 
the threshold Therefore, m common with the local anesthetics, the anti-ChEs 
appear to block conduction by mterfermg with those chemical events that lead 
to depolarization of the axon and not repolanzation as the ACh hypothesis would 
demand It is not unlikely that physostigmme acts m a manner exactly analog- 
ous to the tertiary amme local anesthetics One could also postulate that DFP 
acts by the same mechanism m that presumptive evidence was presented above 
that esenne and DFP combme with the same moiety of the ChE molecule The 
possibility exists, therefore, that the local anesthetics and eserme can react re- 
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versibly and DFP irreversibly mth some substance in the nerve a.\on, the mteg- 
nty of which is necessary for depolanzation to occur A common site of reaction 
of DFP and physostigmine vath some substance other than ChE essential for 
axonal conduction would readily explam the observation of Nachmansohn (234) 
that the presence of physostigmine prevents the irreversible block of conduction 
produced by DFP 

The reviewers are of the opmion that the above evidence largely discredits the 
hypothesis that the release and hydrolysis of ACh are mtimately associated with 
axonal transmission On the other hand, there is httle doubt that ACh can 
stimulate autonomic effector cells and imtiate a propagated impulse m ganghon 
cells and at the motor endplate of stnate muscle One might generahze, there- 
fore, that ACh IS concerned with depolarizing phenomena which are non-propa- 
gated and that other mechanisms are mvolved m conduction 

Toxicitt The signs and symptoms of poisonmg from the reversible anti- 
ChEs and the methods of treatment are too well known to warrant review 
Attention will therefore be focused upon the toxic effects of the irreversible 
inhibitors of ChE Furthermore, the availabihty of the alkyl phosphates has 
permitted, for the first time, a study of the chrome effects of reduced tissue 
chohnesterase activity 

Acute toxicity There is httle doubt that the alkyl phosphates cause death 
by mactivatmg ChE and have no direct action on effector cells Lethal doses 
mvanably reduce tissue ChE (bram) to levels which are too low for normal phys- 
iological function (170, 211, 236) Furthermore the toxicity of the mdividual 
alkyl phosphates can be related to their activity m mhibitmg ChE tn vitro (163) 
The alkyl phosphates can cause death by three distmct mechanisms (1) ex- 
cessive stimulation of autonomic effector cells, (2) stimulation followed by paraly- 
sis of stnate muscle and (3) central stimulation followed by depression These 
will be called the muscarmic, mcotimc and central actions, respectively The 
vanous alkyl phosphates differ with respect to the relative mtensity of the three 
types of actions which they ehcit Furthermore species vary m their response 
In the present state of our knowledge one can do httle more than present m a 
general maimer the toxic reactions to the group as a whole, and the most feasible 
methods for their management The treatment of poisonmg is of great practical 
importance because several of the alkyl phosphates are rather widely emploj ed 
as insecticides 

The muscarmic actions of all the aUcyl phosphates are so mtense as to lead 
rapidly to death Bronchial constriction and bronchorrhea are promment fea- 
tures of the lethal syndrome m animals (60) but bradycardia, heart block and 
circulatory coUapse undoubtedly contnbute greatly The muscarmic effects 
can be prevented by atropme Therefore w'hen this is the promment feature 
of poisonmg, atropme alone can protect animals from one or more lethal doses 

The alkyl phosphates also have a promment mcotmic action Excess stimu- 
lation of the motor endplate leads to muscle tremors and fasciculation The 
high concentration of ACh rapidly results m muscular paralysis, and death occurs 
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when the respiratory muscles become mvolved Protection against the nicotinic 
actions of the alkyl phosphates is aflforded by agents which block conduction at 
the neuromuscular junction Curare has not been adequately studied m thia 
regard However, the magnesium ion is very effective, and the parenteral ad- 
ministration of magnesium salts protects animals from the nicotmic actions of 
alkyl phosphates which otherwise would be fatal (214, 227) 

Certain of the alkyl phosphates have such a prominent central action that 
death from minimal lethal doses results from central stimulation followed by 
depression The provocative fact that therapeutic doses of atropme can pre- 
vent excessive central stimulation has already been discussed 

As an example of species differences, the response of the cat and the rabbit 
to DFP may be cited The mtravenous LDso m the two species are 1 6 mgm 
and 0 4 mgm per kg, respectively (153) In the cat central and muscarinic ac- 
tions are prominent and atropme alone protects 86 per cent of animals against 
an LDioo but none agamst two times the LDioo The administration of mag 
nesiura salts alone provides only alight protection against an LDioo Hon ever, 
a combmation of and atropme protects 40 per cent of ammals against 
two times an LDioo (227) In the ease of the rabbit, nicotmic and muscannio 
actions are equally piomment Therefore neither atropine nor Mg++ alone is 
an effective antagonist However, a combination of both agents can save a high 
percentage of animals from lethal doses (214) The possibility that Mg+^also 
contnbutes to the control of the central actions cannot be ignored 

On the basis of animal studies, certam recommendations can be made for the 
treatment of human poisoning by the alkyl phosphates Atropme should be 
given immediately m maximal dosage (2 0 mgm) by the mtravenous route if pos- 
sible If muscular fasciculation is prominent, consideration should be given to 
the use of neuromuscular blocking agents Theoretically they should stop fas- 
ciculation and increase muscle strength However, although Harvey and asso- 
ciates were able to convert the abnormal electromyogram produced by DFP to 
a relatively normal one by the use of curare (see above), the muscular weakness 
was not affected, possibly because the dose of curare was excessive (140) Cer- 
tamly curare should only be employed by those expenenced m its use and wth 
adequate provisions for maintaining respiration by mechanical means if neces- 
sary The effectiveness of MgS 04 m experimental animals suggests its use m 
human poisoning The mtramuscular mjection of 10 cc of a 25 per cent solu- 
tion per 100 pounds of body weight is probably a safe procedure, especially if 
a solution of a calcium salt is available to antagonize any excessive effect on the 
neuromuscular junction 

Chrome poisoning The discoveiy of the urreversible anti-ChEs provided the 
opportunity to study the physiological effects of a chronic reduction m the con- 
centration of tissue ChE Such studies have been conducted m rats, dogs and 
monkeys, m which DFP was admmistered over periods rangmg up to six months 
(171) Ammals m which the level of ChE activity was only moderately de- 
pressed exhibited few signs and symptoms, and no changes occurred m the formed 
elements of the blood or m the blood chemistiy When dogs were given doses 
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sufficient to elicit nicotinic and muscarinic responses and such doses were re- 
peated twice weekly for several months, functional disturbances of smooth and 
stnate muscle occurred which persisted after the drug was discontmued. The 
first effect on striate muscle was the appearance of fasciculations m the tongue 
These then spread to other muscles Muscle weakness of the hmd legs even- 
tually leadmg to paralysis followed wnthin a penod of a few weeks Complete 
paralysis developed within three months and showed no significant improve- 
ment after cessation of drug administration Outstandmg responses of auto- 
nomic effector cells were hmited to the urinary bladder and the cardiac sphmcter 
The effect on the bladder was manifested by urmary mcontmence The anunals 
developed constant dnbbhng and at autopsy the bladders of most were small and 
contracted The action on the cardiac sphmcter was the ultnnate cause of death 
So marked and sustamed was the response at this site that the animals eventually 
were unable to retam even hquid food and regurgitated their undigested meals 
at vaiying periods after mgestion Fluoroscopic and postmortem examinations 
revealed marked dilatation of the esophagus. 

The nervous mechanism responsible for the production of cardiospasm has 
not been clearly defined At least some of the fibers concerned are apparently 
cholinergic, since the cardiospasm produced by stimulation of the peripheral 
vagus m dogs was mcreased after the admmistration of physostigmine (189) 
That the vagus also cames inhibitory fibers is inferred by the fact that chronic 
cardiospasm can be produced by vagotomy (168) This subject has been dis- 
cussed m some detail by Lehman (189). 

The paralyzing effect of DFP on stnate muscle has also been observed m cats 
that received either smgle large mjections (175) or two to six successive mjec- 
tions (158) Fasciculations followed by ataxia and extreme muscular weakness 
were observed A recurrent weakness of the hmd limbs was evident for as long 
as 147 days Studies of muscle function revealed an mcreased sensitivity to ACh 
and mability to mamtam a tetanus 

Clinical Applications Anti-ChE drugs are widely employed m therapy 
However, discussion will be limited to their use m myasthenia gravis, abdominal 
distention and glaucoma, fields m which the irreversible inhibitors of ChE have 
received clmical trial The results obtamed to date mdicate that further clm- 
ical mvestigations of this group of compounds will result m valued additions to 
the armamentanum of useful drugs 

Myasthenia gravis In 1901, Oppenheim (244) drew attention to the similanty 
between myasthema gravis and curare poisonmg, m both of which conditions he 
considered the primary lesion to be a change m the excitabdity of the motor end- 
plates The confirmation of this general viewpomt by modem mvestigators has 
been discussed m the section on neuromuscular transmission Six years earher, 
Jolly (162) had mentioned physostigmme as a likely drug for treatmg the disease 
Apparently this suggestion remamed untested until nearly forty years later when 
Walker (309) admmistered physostigmme to a myasthenic patient and obtamed 
temporary but marked improvement The foUowmg year, she reported even 
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better results -with neostignune (310) When given in conjunction with atro- 
pine which controls muscarinic effects, neostigmine has proven to be the most 
valuable compound available for treatmg this condition (187, 243, 247, 267, 302). 
Of the numerous other remedies that have been tested in myasthenia (301), only 
three appear to be of definite benefit ephedrme (88), potassium chlonde (188) 
and guanidme (225) The results of trials of DFP m the treatment of my- 
asthema have been disappomting (59, 140) Although this compound produces 
an mcrease m strength of longer duration than that following neostigmine, the 
degree of improvement is less, while undesirable side-actions are more marked 
The latter are referable chiefly to the gastro-mtestinal tract and central nervous 
system, and are probably largely dependent on the high hpid-solubibty of the 
drug TEPP, however, has been found to have certain defimte advantages over 
neostigmine m the cbmcal trials reported to date (47, 127) When the dosage 
schedule was properly adjusted, patients expenenced apprmamately the same 
degree of muscular power as obtamed with neostigmme, and it was mamtamed 
much more constantly and with less frequently administered doses The side- 
effects were not nearly so marked as with DFP and were satisfactorily controlled 
with atropine m most patients The chief disadvantage found with TEPP was 
the mrtremely narrow dosge range compatible with maintenance of satisfactory 
effects It IS to be expected that, as further members of this group are tested, 
still more satisfactory ones will be foimd 

The subjective and objective improvement which neostigmme produces is so 
specific m myasthema gravis that its administration to a suspected case serves 
as a diagnostic test (304) Viets has modified hia ongmal test, which is depend- 
ent pnmanly upon chmcal observation, to a more exact fluoroscopic one which 
IS apphcable when dysphagia is present (303) Another diagnostic teat is based 
on the marked sensitivity exhibited by myasthemc patients towards small doses 
of curare (15) 

In spite of the numerous mvestigations that have been aimed at elucidabng 
the basic defect m myasthema, it remains largely a subject for speculation The 
studies of Lanari (181), Harvey (139) and others have mdicated that there is a 
deficiency m the amount of ACh reachmg the receptors of the muscle fiber follow- 
mg a nerve impulse It has been frequently pomted out that this condition 
could result from (a) a deficiency m the amount of ACh hberated, (b) an excess 
of ChE at the neuromuscular junction, or (c) an mcreased threshold for ACh at 
the motor endplate, possibly due to some circulatmg curare-hke toxin Although 
no direct evidence exists m favor of the first two possibihties it cannot be said 
that they have been disproven (164, 291) Walker (311) has pubhshed observa- 
tions favonng the circulatmg toxm theory She noted that when a patient with 
bulbar signs exercised his forearms strenuously, no change occurred in the posi- 
tion of the eyehds as long as circulation m the arms was occluded by means of 
blood pressure cuffs Shortly after pressure was released, the eyehds drooped 
markedly and the general weakness mcreased Wilson and Stoner (317) con- 
firmed this findmg, and reported m addition that the serum of myasthemc pa- 
tients contamed an alcohol-soluble substance which blocked transmission m the 
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isolated frog nerve-muscle preparation The chief cnticism against this type 
of evidence is the fiuctuatmg character of the signs of weakness m myasthema, 
which makes the mterpretation of observations during brief periods extremely 
difficult (194) 

The relationship between myasthema gravis and the thymus gland is most 
provocative Smce Laqueur and Weigert (184) reported m 1901 on the autopsy 
findmg of a thymus tumor m a patient who died of myasthema, several authors 
have noted the frequent association of these two conditions (20, 193, 246) In 
a routme senes of 6000 autopsies, thymic abnormahties were rare (152) Thy- 
mectomy has been reported to have a favorable effect on the course of the disease 
(19, 54) and following the operation objective evidence has been obtamed of 
unproved neuromuscular transmission (143) However, such results must be 
judged conservatively because of the not uncommon occurrence of spontaneous 
remissions Torda and Wolff (298, 299) reported that thymus extracts, as well 
as myasthemc serum, inhibited the synthesis of ACb, but this effect has been 
demed (290, 312) The subject of the thymus m myasthema has recently been 
reviewed by Harvey (138) 

Most investigators beheve that neostigmme exerts its beneficial effects m 
myasthenia gravis by virtue of its inhi bition of the muscle ChE The mjection 
of large doses of ACh produces a similar but extremely bnef recovery of muscular 
strength (111) Other theones that have been advanced for the mechanism 
of action mclude a shift m muscle potassium (66, 296), a change m the accom- 
modation curve of the motor nerves (292) and a direct action at the neuro- 
muscular junction (254) Stare and Ricketts (279) found abnormally low Oi con- 
sumptions m isolated muscle obtamed from two myasthenic patients Oxygen 
consumption was mcreased by the addition of physostigmme, neostigmme or 
certam other substances The monograph of Gom (125) is recommended as an 
excellent review of myasthema gravis 

Abdominal distention Anti-ChE drugs have long been employed m the treat- 
ment of abdominal distention The promment actions of DFP on the gastro- 
mtestmal tract prompted Grob and coworkers (129) to assess the value of the 
irreversible anti-ChEs m this condition The pharmacological actions of DFP 
on the human bowel have been discussed above Chmcally DFP has proved to 
be highly effective The best results were obtamed when DFP was used m con- 
junction with neostigmme and postenor pitmtary extract Under these cir- 
cumstances the irreversible anti-ChE sensitized the bowel to the other stimu- 
lants for long periods TEPP was much less effective m this respect (127) 

Glaucoma In Rodm’s (255) account of the history of the use of physostigmme 
m ophthalmology, he mentions that this drug was first employed for the treat- 
ment of glaucoma m 1877 by Laqueur (183) Neostigmme has also been used 
for controlhng mtraocular tension m glaucoma, but m general has proven less 
satisfactory (57, 180) Leopold and Comroe (191) reported highly prormsmg 
results from a tnal of DFP m 78 glaucomatous eyes A high percentage of eyes 
which failed to respond to physostigmme or pilocarpme was satisfactorily con- 
trolled wnth DFP , and m all cases, as would be expected, DFP required much leas 
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frequent inatillatiou thau the other preparations It is interesting to note, how- 
ever, that miosis was maintamed, on the average, for a shorter period following 
DFP m glaucomatous than in normal eyes This raises the possibility that in 
glaucoma ChE may be regenerated more rapidly, or that the ins sphincter is less 
sensitive to ACh The superionty of DFP to physostigimne appeared most 
striking m chronic simple glaucoma, glaucoma with aphakia, and glaucoma 
secondary to uveitis, although there were onlysix cases in the last category Un- 
desirable side-effects included visual blurring, eye and brow ache, spasm of ac- 
commodation and pericorneal injection Occasionally, a transient rise m tension 
was recorded Essentially similar results were obtained by McDonald (212) 
and von Sallmann and Stone (307) Dunphy (73) reported a somewhat smaller 
percentage of favorable responses with DFP and, while considering it the drug of 
choice in glaucoma with aphakia, he advised against its use in congestive glau- 
coma, m cases followmg uveitis, or m cases with shallow antenor chambers 
Marr (204) considered that only 16 per cent of his cases were controlled success- 
fully by DFP He administered the drug only in glaucomatous eyes which were 
refractory to all other miotics, and established extremely strmgent cnteria for 
satisfactory control In one case, retinal detachment occurred, presumably as 
the result of the marked ciliary spasm produced by DFP Marr has obtamed 
essentially the same results m glaucoma with TEPP as with DFP (205), but 
the use of the former drug led to a high incidence of irritation and sensitization 
of the ocular tissues 


EPILOO0B 

This review cannot be concluded wthout a few words of apology from the re- 
viewers It IS obvious that the actions of the anti-ChE drugs touch upon so 
many problems in pharmacology and physiology that a complete discussion of 
this group of compounds would be beyond the scope of the present undertakmg 
One might then pertmently mquire what dictated the choice of material Un- 
fortunately, no ready answer isavailable In general, an attempt has been made 
to point out the many sites of action of ACh and anti-ChE drugs and the diffi- 
culties which arise when one tnes to relate specifically a pharmacological re- 
sponse to the inhibition of an enzyme Certainly a complete understanding of 
the reactions between enzyme and mhibitor tn vitro and tn vivo as well as a knowl- 
edge of the reactions of the inhibitor with substances other than the specific 
enzyme which it inhibits is essential before proper interpretations can be drawn 
Many of the controversal issues discussed m this review depend upon such ancil- 
lary knowledge for their ultimate solution 

Those who have worked m tha field of the toxicology of the anti-ChE drugs 
have been impressed with their high toxicity Undoubtedly this is the result 
both of the great susceptibihty of ChE to inhibition and the important physiolog- 
ical functions of the enzyme It is obvious from the most casual studies of the 
potent lipid-soluble anti-ChEs that ACh has many sites of action These m- 
clude in addition to autonomic effector cells, the motor endplate of skeletal 
muscle and the autonomic ganglion cells, as well as numerous other possible sites 
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m cortical, sub-cortical and spinal areas The exact relationship between chem- 
ical and electrical events at many of these sites awaits elucidation Certainly 
the anti-ChE drugs are destined for a major role in such fundamental studies 
and can provide much useful information if employed with a complete under- 
standmg of their chenustry and pharmacology 

The discovery of the anti-ChE activity of the alkyl phosphates represents a 
major advance m neuropharmacology and neurophysiology Not only is their 
property of irreversible inhibition a unique one, but also their chemical consti- 
tution and physical properties are so different from those of the reversible m- 
hibitors that many new pharmacological and therapeutic applications are pos- 
sible As this new group of compounds expands and is further explored it is 
hoped that a degree of specificity of action will be attamed u hich will mcrease 
the therapeutic value of chohnergic drugs Promismg advances m this direc- 
tion have already been made 

Acknoidedgmenls The authors wish to take this opportumty to express their 
appreciation to Drs. S W Kuffler and J L. Lilenthal, Jr, for them cnticisms of 
certam portions of this review and for their valued suggestions 
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THE METABOLISM OF BAEBITURATES* 

E W MAYNERT and H B van DYKE 

The Department of Pharmacology, College of Physicians and Surgeons Columbia University, 

New York, N Y 

This review is aa attempt to examme cntically a limited part of the large 
volume of hterature which has appeared on the metabohsm of barbiturates A 
more general treatment of the pharmacology and therapeutic use of this group of 
drugs may be found in several other reviews (50, 51, 91, 120, 121) The following 
discussion 13 restricted to absorption, distnbution in tissues, sites of degradation, 
excretion and metabohc fate of the drugs Also, the methods, both chemical and 
pharmacological, which have been used m studies of the barbiturates are ex- 
amined Consideration of excretion and metabohc fate is hmited to those drugs 
which have received chnical use or are closely related to such drugs Studies of 
the effect of stimulants, diuretics and possible metabohc mhibitors on the 
metabohsm of the barbiturates are beyond the scope of this paper 
Inasmuch as trade names or U S P names are used for convemence, a glossary 
and mdex appear at the end of this review There the reader wiU find synonyms, 
chemical structures and page references Strict chermcal termmology is not fol- 
lowed m the discussion to the extent that “barbituric acid” and “barbiturate” 
are used interchangeably 


METHODS 

The relative value of all information concenung the distnbution and excretion 
of barbitunc acid denvatives depends upon the rehability of the quantitative 
methods used to obtain this information For the purpose of discussion the 
methods may be divided into five types (1) gravimetnc, (2) colonmetnc, (3) 
ultraviolet spectrophotometnc, (4) isotopic and (5) phaimacological 

(J) Grauimetnc Methods 

This method has probably been used more than any other for the detemunation 
of unchanged barbiturate m the urme It was first used by Fischer and von 
Menng (33) at the time of the introduction of barbital mto medicme Many 
modifications have been descnbed, but a common feature of all is the extraction 
of the barbituric acid from the urme with an orgamc solvent, usually ether or 
ethyl acetate (48, 105) After evaporation of the solvent the barbiturate is 
punfied and weighed 

The problem of obtammg the barbitunc acid m as pure form as possible with- 
out the losses which accompany recrystalhzation has been attacked m many 
different ways Pucher (105) employed a preliminary extraction of the unne with 
petroleum ether m which the barbiturates are insoluble Khngenfuss and Remert 
(68) made the unne alkalme and earned out a preliminary extraction with ether 

• This review was made possible by a grant from the United States Public Health Serv- 
ice for investigative work in this held 
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Other investigators have chosen to use only one extraction and punfy the crude 
barbiturate after evaporation of the solvent If the barbituric acid contains only 
saturated groups, some of the impurities may be removed by oxidation wth 
potassium permanganate (49, 105) or potassium dichromate (113). The bar- 
biturate may be purified by precipitation ivith mercunc sulfate (36) or aa a 
copper sulfate-pyndme complex (132) These procedures yield pure products, 
but the loss of barbiturate may be high (68) The crude barbiturate may be 
treated with charcoal (4) which removes color and often yields a pure product, 
however, there is always at least a small loss of barbiturate due to adsorption on 
the charcoal (48, 113) The crude product may also be purified by sublimation. 
This technic has been successful in many cases (55, 118), especially when the 
amount of product was small 

The results obtamed by the gravimetric method are of doubtful value unless 
the product is pure enough to allow itsidentification by meltmg pomt and mixed 
melting pomt determinations If the amount of product is large enough, a ciystal- 
line denvative of the barbituric acid such as the di-p-nitrobenzyl derivative (49) 
or the dixanthyl denvative (31, 32) may be prepared for additioiml proof of 
identity The numerous qualitative color and precipitation tests which have 
been proposed are all of questionable value 

The gravimetnc method has been used with considerable success for the deter- 
mination of barbital m the unne It is probable that the method can be adapted 
to yield results of comparable sigmficance for many of the other barbiturates, 
even though they are admimstered m much smallei dosesand are largely degraded 
m the body However, adequate control experunents must be run with each new 
drug to determine completeness of extraction, loss dunng purification, and the 
limits of the method With drugs which aie degiaded tn mo it becomes even 
more important than with barbital to deteimine the identity of the product by 
the determination of the melting pomt Unfortunately, many studies which have 
appeared on the excretion of barbiturates m the urine contam no data on the 
adequacy of extraction oi the purity of the final product With drugs which may 
yield closely related metabolites m the unne it obviously is not desirable to 
curcumvent the final isolation by running Kjeldahl nitrogens (115) or detennining 
barbitunc acid denvatives by an argentunetnc method (116) 

The greatest limitation of the gravimetric method is that a relatively large 
amount of barbiturate (ca 5 to 10 mgm ) must be present m the sample for an 
adequate determination This consideration has made the techmc very difficult 
for studies of the concentration of barbiturates in vanous tissues under the 
conditions of usual dosage Large samples of tissue (100 to 1000 gm ) must be 
employed Furthermoie, the isolation of barbiturates from tissue is much more 
difficult than from unne, although Hennclc (55) and KoselJca (84) have designed 
good procedures for quantitative recovery Nevertheless, examination of tissues 
has usually been Innited to cases of fatal poisonmg (2, 105) 

(£) Colonmetnc Methods 

The colonmetnc method for barbiturates which has received most study de- 
pends upon the mteraction of the barbiturates ivith a cobaltous salt m an alkaline 
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medium It was used as a quabtative test by Parn, Zwkker (132) and Bodendorf 
and was adopted for quantitative purposes by Koppanyi (79, 80) The first 
method descnbed by Koppanyi was a visual companson procedure in which a 
blue color was generated m a barbiturate-contammg chloroform solution by the 
addition of anhydrous methanohc solutions of cobaltous acetate and banum or 
hthium hydroxide The chromophore was unstable and quickly precipitated or 
faded Later (73, 81) it was discovered that the use of isopropyl amine m place 
of the morgonic hydroxide yielded a stable color which could be measured m a 
standard colorimeter 

There have been several mvestigations of the specificity of the cobalt color 
The test can apparently be used for all the disubstituted barbitunc acids and 
thiobarbitunc acids, although no hnear relationship exists between the mtensity 
of color and the molecular weight of the barbiturate (8, 21, 27) Koppanyi found 
that acetic acid and other chloroform-soluble acids give color m the test This 
has been confirmed by Riley (112) who found that aldehydes also introduce errors. 
Koppanyi noted that theophylline and theobromine give a color similar to the 
barbituric acids, but he stated that these compounds can never be present m 
body tissues or fluids m concentrations sufficiently high to give a positive test 
Thymme, biuret, guanidine, oxamide, hippunc acid and creatinme also yield 
color, but most of these compounds apparently do not enter chloroform extracts 
m detectable amounts Lecithin and other phospholipids mterfere with the color 
test, apparently by holdmg the hpophihc barbiturates m loose combination and 
preventing them from reacting with the cobalt (72) The phospholipids from 
tissue are removed by treatment wth copper sulfate and sodium hydroxide, or 
they may be precipitated from the chloroform extracts with acetone (90) 
Sulfonamides give color in the cobaltous acetate — isopropyl amine test, but 100 
mgm of sulfonamide give less color than 2 mgm of phenobarbital (82) Riley 
showed that the substituted acetyl ureas and acetamides Mhich are in mlro 
hydrolytic products of the barbiturates do not yield any color The cobalt color 
test IB sometmies earned out in alcoholic solution rather than m chloroform, and 
vanous alkahne reagents are used Studies of the specificity of the reaction under 
these conditions have been reported by Henvick (55), IMohrschulz (97) and 
Kozelka (85) 

A considerable amount of cnticism has been directed against the use of the 
cobalt color for the quantitative determination of barbiturates Sack (113) re- 
ported that the color is very unstable and fades uuth the appearance of turbidity 
Furthermore, he stated that the difference between the “blue” solutions of 
vanous barbiturate concentrations is neither large nor constant Iversen (58) 
reported that the color of the complex compound is not suitable for colorimetry, 
since photoelectnc tests showed that the color mtensity for a given barbiturate 
concentration is not reproducible and not constant He felt that an additional 
drawback was the fact that an approximate proportionahty between the color 
mtensity and the concentration was present only ivithm the very narrow range 
of 20 to 100 mgm per cent barbiturate m chloroform Kozelka (81) studied the 
cobalt color m absolute alcohol solution, usmg sodium ethoxide as the alkalme 
reagent He found that the cobalt and sodium must be present m a definite ratio 
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Other mvestigators have chosen to use only one extraction and punfy the crude 
barbiturate after evaporation of the solvent If the barbitunc acid contains only 
saturated groups, some of the unpunties may be removed by oxidation with 
potassium permanganate (49, 105) or potassium dichromate (113). The bar- 
biturate may be purified by precipitation wth mercunc sulfate (36) or as a 
copper sulfate-pyridine complex (132) These procedures yield pure products, 
but the loss of baibiturate may be high (68) The crude barbiturate may be 
treated with charcoal (4) which removes color and often yields a pure product, 
however, there is always at least a small loss of barbiturate due to adsorption on 
the charcoal (48, 113) The crude product may also be purified by aubliraation. 
This technic has been successful m many cases (55, 118), especially when the 
amount of product was small 

The results obtained by the gravimetnc method are of doubtful value unless 
the product is pure enough to allow its identification by melting pomt and mixed 
meltmg pomt determinations If the amount of product is large enough, a crystal- 
hne denvative of the barbitunc acid such as the di-p-mtrobenayl denvative (49) 
or the dixanthyl derivative (31, 32) may be prepared for additional proof of 
identity The numerous qualitative color and precipitation tests which have 
been proposed are all of questionable value 

The gravimetnc method has been used with considerable success for the deter- 
mination of barbital in the unne It is probable that the method can be adapted 
to yield results of comparable significance for many of the other barbiturates, 
even though they are admimstered m much smaller doses and are largely degraded 
m the body However, adequate control experiments must be run with each new 
drug to determine completeness of extraction, loss dunng punfication, and the 
limits of the method With drugs which aie degraded xn mo it becomes even 
more important than with barbital to determine the identity of the product by 
the determination of the meltmg pomt Unfortunately, many studies which have 
appeared on the excretion of barbiturates m the urine contam no data on the 
adequacy of extraction oi the punty of the final product With drup which may 
yield closely related metabolites m the urine it obviously is not desirable to 
circumvent the final isolation by running Kjeldabl nitrogens (115) or determining 
barbituric acid denvatives by an argentimetnc method (116) 

The greatest limitation of the gravimetnc method is that a relatively large 
amount of barbiturate (ca 5 to 10 mgm ) must be present m the sample for an 
adequate determmation. This consideration has made the techmc very difficult 
for studies of the concentration of barbiturates m vanous tissues under the 
conditions of usual dosage Large samples of tissue (100 to 1000 gm ) must be 
employed Furthennore, the isolation of barbiturates from tissue is much more 
difficult than from unne, although Henvick (55) and Kozelka (84) have designed 
good procedures for quantitative recovery Nevertheless, exammation of tissues 
has usually been limited to cases of fatal poisonmg (2, 105) 

(S) Colonmetnc Methods 

The colonmetnc method for barbiturates which has received most study de- 
pends upon the mteraction of the barbiturates with a cobaltous salt in an alkalme 
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method, Koppanyi (74) found that 5 to 41 per cent of doses of Neonal and about 
8 per cent of doses of Amytal are excreted m the unne In contrast, Herwick (55) 
and Shonle (118) usmg chenucal isolation and pharmacological methods showed 
that these substances are axcreted only m traces Likewise, Krause (88) showed 
that dog 3 fed Amytal excrete m the unne in 48 hours color-producing substances 
eqmvalent to about 16 per cent of the dose Howe\ei, the substances gave no 
precipitate with copper sulfate and pyndine Usmg a procedure involvmg 
adsorption on charcoal and elution Brundage and Gruber (8) found that Ortal 
and pentobarbital yield substances which give color with cobalt but do not have 
appreciable pharmacological activity Koppany (46, 77) has also shown that 
metabohtes of the barbiturates yield color with cobalt 

Certam other colonmetnc methods not emplo 3 'ing cobalt have been used for 
the quantitative determmation of barbiturates In her studies on the distribution 
of Dial and Phanodom m the central nervous system, Vogt (126) used a method 
mvolving titration with potassium permanganate The method was not stoichio- 
metnc, and cahbration curves were required Ow^ng to the extensive purifi- 
cation procedure employed, her recoxery of the barbiturates added to tissue was 
only about 50 per cent Raventds (103) has used a green color produced by the 
addition of anhydrous methanolic solutions of copper sulfate and diethyl amine 
to a chloroform solution of a thiobarbiturate He demonstrated good recovenes 
of Kemithal added to blood, hver and brain The procedures of Vogt and 
Raventds are subject to the cnticism that it has not been proved that some 
metabohtes of the drugs do not react m the same manner as unchanged drug 

(S) Ullraviolel Speclrophotomelric Methods 

It has been recognized for a number of years that 5,5-dialky'lbarbiturate3 m 
aqueous alLahne solution have a charactensitic absorption in the ultraviolet 
region of the spectrum Hellmann (52) was the first to describe a spectrophoto- 
metne method for the estimation of thiopental in blood His procedure utilized a 
charactenstic absorption band at 288 m#i m ether solution Jailer and Goldbaum 
(59) modified the method for thiopental by employnng chloroform for the extrac- 
bon and by making the measurement of the ultraviolet absorption in chloroform 
or preferably m sodium hydroxide solution Subsequently Walker (127) and 
Goldbaum (44) described fairly similar procedures for the determmation of 
5,5-disubstituted barbitunc acids hlore recently Gould and coworkers (45) have 
reported the use of continuous extraction with ether instead of multiple extraction 
with chloroform, but further details of their procedure are lackmg 

The factor lumtmg the sensitivity of the ultraviolet spectrophotometnc pro- 
cedures is the ratio of the amount of barbiturates to the amount of other tissue 
“chromogens” conconutantly extracted With the methods of Walker and of 
Goldbaum the minimal concentration of barbiturates in blood to yield satis- 
factory results IS about 0 4 mgm per 100 ml Samples of blood from 0 5 to 5 ml 
dependmg on the concentration of barbiturates are sufficient The method of 
Goldbaum is sensitive to 1 0 mgm of barbiturate per 100 gm of tissue Samples 
of tissue of 0 5 to 5 gm are employed In the absence of other drugs with absorp- 
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to each other as well as to the barbiturate present, if quantitative results are to 
be obtained On the basis of this observation he felt that the reaction should be 
used only as a qualitative test or for sexmquantitative purposes 

Other investigators do not appear to be in complete agreement with these 
observations Usmg a photoelectnc colonmeter, Krause (88) found that the 
method of Koppanyi gave an average vanation m color mtensity of 7 per cent 
m dupheate determmations on standard Amytal solutions in tho concentration 
range of 18 to 300 mgm per cent However, by a suitable choice of amounts and 
concentrations of the reagents, he was able to reduce the average error of dupli- 
cate determmations to 1 5 per cent for the same range of concentrations Krause 
beheved that the results obtained by Kozelka were due largely to the use of sub- 
optimal amounts of reagents Cohen (21) has also studied the optimal conditions 
for the cobalt color He found that the stabihty of the color was satisfactory and 
that by observmg certam precautions the method could be used for the quanti- 
tative determmation of barbiturates 

Koppanyi’s procedure for the determmation of barbiturates m unne consisted 
of treatment of the urine with sodium hydroxide and copper sulfate, removal of 
the copper hydroxide precipitate by filtration and subsequent extraction of the 
filtrate with ten volumes of chloroform Tissues contammg barbiturate were 
liquefied with sodium hydroxide, then treated with copper sulfate and filtered, 
the filtrate was then acidified and extracted with chloroform Some cnti'cism has 
been directed toward these methods Iversen (58) contended that purification 
through the formation of a volummous copper hydroxide precipitate m unne 
mvolves a loss of barbiturate Kozelka (84) has reported that the Koppanyi pro- 
cedure for tissues gives low recovery of added barbiturates Moreover, the above 
authors and others have objected to the large amount of chloroform which is 
needed Riley (112) and Krause (88) have shown that chloroform extracts of 
unne that contam no barbiturates give a certam amount of color due to unnary 
pigments and chromogemc substances However, the copper hydroxide purifi- 
cation was not employed by these workers Koppanyi maintams that the copper 
hydroxide procedure, when properly executed, gives satisfactory results, but he 
has also desenbed alternative methods (46, 90) A few workers (8, 97, 108) have 
tned to use chromatographic adsorption in connection with the cobalt color 
method, but their studies have not been exhaustive enough to contnbute much 
to an unproved quantitative method Cohen (21) has recently desenbed a rather 
labonouB method for the extraction of barbiturates on the basis of experiments 
m which barbiturates were added to tissues and body flmds and subsequently 
analyzed by the cobalt color method He reported a recovery of 93 per cent or 
more, but the amount of added barbiturate was large (5 to 40 mgm ) and he does 
not mention the quantity of tissues or flmds employed 

It would appear from the information available at present that with proper 
technic the cobalt color method is smtable for the study of the concentration of 
barbtlal m body tissues and flmds imder the conditions of usual dosage. On the 
other hand, the method has been shown to yield erroneous results when used to 
study barbiturates which are degraded tn vwo For example, using the colonmetnc 
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salts of thiopental, Thioethamyl and Evipal, whereas the corresponding ratio of 
rectal to intravenous doses Ma322to31 1 The oral intravenous LDjo ratio of 
a longer-acting barbiturate, sodium pentobarbital, was 6 1, and the rectal mtra- 
venous LDso was 14 1 It u ould be expected that sodium barbital, which imder- 
goes virtually no destruction in the liver or other tissues, would be found to differ 
httle m potency by all three routes 

Barbital, all barbiturates mth shorter duration of action, has a slow 

onset of action (15 mmutes or more) followmg the mtravenous injection of an 
anesthetizmg dose Bush (9) estimated the ratio of free acid to sodium salt of 
several representative barbiturates This ratio for both barbital and Amytal was 
2 5 1 at pH 7 5 Smce ivith mtravenous administration there is a long latent 
penod for barbital and a short one for Amytal, Bush’s determmations gave no 
support to the view of Klimesch (67) and Starkenstem and Khmesch (119) that 
after barbiturates which cause immediate narcosis, the hpid-soluble free acid is 
relatively more abundant m the plasma However, it does appear hkely that de- 
layed equihbnum between plasma and nervous tissue accounts for the long 
latent penod of action of barbital (c/ , the senal blood determmations of DiUe 
et al (28)) 

The bnefly summarized in vitro expenments of Bennhold with Evipal (6) led 
him to the conclusion that both plasma albumins and globulins bmd the drug 
when it IS transported mtravascularly 

Except for barbital, nhich probably imdergoes no degradation in the body, 
the relationship of estunated blood level to pharmacological effect has to be 
accepted with caution smce most methods do not convmcmgly distmgmsh be- 
tween the administered barbiturate and metabobcally altered denvatives ■nhich, 
at present, appear also to be barbiturates (An exception is the gravimetnc 
method used by Tatum, Nelson and Kozelka [122] ) Even if levels m the blood 
are accurately determmed, then correlation with pharmacological response is 
best for short and very short actmg drugs and poorest for a long actmg barbitu- 
rate such as barbital Dille, Lmegar and Koppanyi (28) reported that, after the 
mtravenous mjection of 225 mgm per kgm of sodium barbital mto a dog, the 
blood level of the drug fell from 39 to 25 mgm per cent durmg the first 10 
mmutes at which tune it can be assumed that the dog was not yet anesthetized. 
It IS probable that the dog was anesthetized durmg the succeedmg 1 to 5 hours 
when the blood level was 12 to 15 mgm per cent (similar to a dog receivmg 300 
mgm per kgm ) Also, after recovery of consciousness m a human with barbital 
poisonmg, the blood level may be only slightly below that of a s imil arly poisoned 
patient m coma (7 6 compared with 8 4 mgm per cent [35]), a fact which agam 
suggests that the blood level of barbital does not always accurately reflect the 
level m the central nervous system On the other hand, usmg Am 3 rtal, a short- 
actmg barbiturate, Tatum, Nelson and Kozelka (122) observed that rabbits re- 
gain their nghtmg reflexes at about the same blood level (2 9 mgm per cent), 
although there were wide differences m the duration of anesthesia Data from the 
smgle case of Jailer and Goldbaum (59) suggests that it may be possible to lelate 
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tion ra the ultraviolet, these procedures are perhaps 4 times as senahve as the 
cobalt color method (127) 

The ultraviolet absorption methods measure the total amount of barbiturates 
in the extracts, and hence are subject to the same cnticism as the cobalt color 
methods Their use can give much valuable information about the metabolism 
of the barbiturates, but until the intermediary metabolism of these drugs is 
more thoroughly understood one cannot be certam to what extent metabolites 
contammg the barbituric acid rmg are bemg measured as unchanged drug 

(4) Isotopic Methods 

Only two short papers have appeared on the use of isotopes for the study of the 
metabolism of the barbiturates (li2a, 125) Isotopic methods have the advan- 
tage that they can yield information about the extent to which at least a portion 
of the drug is degraded to compounds which enter the metabohc pool For exam- 
ple, van Dyke and coworkers (125) examined the excess N’® m the urmary am- 
monia and urea after the oral administration of pentobarbital labeled with N“ 
and found that less than 8 per cent of the isotope was contained m these fractions. 
Furthermore, the amount of unchanged drug and of the metabolites can be de- 
tenmned with piecision by the method of isotope dilution The disadvantages 
of the isotope methods are the expense of the isotopes, the organic syntheas 
required and the special equipment necessary for the quantitative determination 
of the isotopes 

(5) Pharmacological Methods 

Several mvestigators have tested extracts of unne for hypnotic activity m 
mice or rats after the administration of barbiturates This method has been used 
pnncipally for the study of barbiturates which ate largely degraded in two and 
yield only very small amounts of unchanged drug in the unne (55, 118), or to 
confirm or disprove data obtained wth the cobalt color method (8, 74) The 
results of pharmacological testmg are at best very crude Furthermore, there is 
always the possibility that certain of the metabohtes of the barbiturates possess 
some hypnotic activity 

Other pharmacological methods have been used in elucidating specific features 
of baibiturate metabolism which are discussed below 

absorption AND DISTRIBUTION IN BODY PLUIDS 

The absorption of barbiturates occurs readily from the gastro-mtestmal tract 
According to Weese (128), a considerable part of a dose can be absorbed from the 
stomach, and narcosis can follow mtragastnc admimstration to guinea pigs ivith 
a ligature around the pylorus Most authors agree that rectal admmistration is 
much more efficient than the oral route, this avoids immediate passage through 
the liver which is the most important organ m degrading all but a few of the 
barbiturates For example, Werner, Pratt and Tatum (130) using rabbits found 
that the ratio of the oral to the mtravenous LDso was 15 1 or more for the sodium 
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salts of thiopeatal, Thioethamyl and Evipal, whereas the corresponding ratio of 
rectal to intravenous doses i\as22to31 1 The oral intravenous LDjo ratio of 
a longer-actmg barbiturate, sodium pentobarbital, was 6 1, and the rectal intra- 
venous LDjo was 1 4 1 It would be expected that sodium barbital, which under- 
goes virtually no destruction m the liver or other tissues, would be found to differ 
httle m potency by all three routes 

Barbital, unhke all barbiturates wth shorter duration of action, has a slow 
onset of action (15 mmutes or more) following the intravenous injection of an 
anesthetizing dose Bush (9) estimated the ratio of free acid to sodium salt of 
several representative barbiturates This ratio for both barbital and Amytal was 
2 5 1 at pH 7 5 Smce ivith mtravenous admimstration there is a long latent 
period for barbital and a short one for Amytal, Bush’s detemunations gave no 
support to the view of Khmesch (67) and Starkenstem and IQimesch (119) that 
after barbiturates which cause immediate narcosis, the lipid-soluble free acid is 
relatively more abundant m the plasma However, it does appear hkelj' that de- 
layed equihbnum between plasma and nervous tissue accounts for the long 
latent penod of action of barbital (c/ , the senal blood detemunations of Dille 
et al (28)) 

The bnefly summarized in tntro experiments of Bennhold with Evipal (6) led 
hun to the conclusion that both plasma albumins and globulins bind the drug 
when it 18 transported mtravascularly 

Except for barbital, which probably undergoes no degradation in the body, 
the relationship of estimated blood level to pharmacological effect has to be 
accepted with caution smce most methods do not convmcmgly distinguish be- 
tween the administered barbiturate and metabohcally altered denvatives nhich, 
at present, appear also to be barbiturates (An exception is the gravunetnc 
method used by Tatum, Nelson and Kozelka [122] ) Even if levels m the blood 
are accurately detemuned, their correlation with pharmacological response is 
best for short and very short acting drugs and poorest for a long actmg barbitu- 
rate such as barbital Dille, Lmegar and Koppanyi (28) reported that, after the 
mtravenous mjection of 225 mgm per kgm of sodium barbital mto a dog, the 
blood level of the drug fell from 39 to 25 mgm per cent dunng the first 10 
mmutes at which time it can be assumed that the dog was not yet anesthetized. 
It 13 probable that the dog was anesthetized dunng the succeedmg 1 to 5 hours 
when the blood level was 12 to 15 mgm per cent (snmlar to a dog receivmg 300 
mgm per kgm ) Also, after recovery of consciousness m a human ivith barbital 
poisonmg, the blood level may be only slightly below that of a similarly poisoned 
patient m coma (7 6 compared ivith 8 4 mgm per cent [35]), a fact which agam 
suggests that the blood level of barbital does not always accurately reflect the 
level m the central nervous system On the other hand, usmg Amytal, a short- 
aetmg barbituiate, Tatum, Nebon and Kozelka (122) observed that rabbits re- 
gain their nghtmg reflexes at about the same blood level (2 9 mgm per cent), 
although there were wide differences m the duration of anesthesia Data from the 
smgle case of Jailer and Goldbaum (59) suggests that it may be possible to lelate 
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tion in the ultraviolet, these procedures are perhaps 4 times as sensitive as the 
cobalt color method (127) 

The ultraviolet absorption methods measure the total amount of barbiturates 
m the extracts, and hence are subject to the same cnticism as the cobalt color 
methods Them use can give much valuable information about the metabolism 
of the barbiturates, but until the mtermediary metabolism of these drup is 
more thoroughly understood one cannot be certam to what extent metabolites 
containmg the barbituric acid rmg are bemg measured as unchanged drug 

(4) Isotopic Methods 

Only two short papers have appeared on the use of isotopes for the study of the 
metabolism of the barbiturates (112a, 125) Isotopic methods have the advan- 
tage that they can yield information about the extent to which at least a portion 
of the drug is degraded to compounds which enter the metabolic pool For exam- 
ple, van Dyke and coworkers (125) exanuned the excess in the unnary am- 
monia and urea after the oral admmistration of pentobarbital labeled with N*‘ 
and found that less than 8 per cent of the isotope was contained m these fractions 
Furthermore, the amount of unchanged drug and of the metabolites can be de- 
termined with precision by the method of isotope dilution The disadvantages 
of the isotope methods are the expense of the isotopes, the organic synthesis 
required and the special equipment necessary for the quantitative determmation 
of the isotopes 


(5) Pharmacological Methods 

Several mvestigators have tested extracts of unne for hypnotic activity m 
mice or rats after the administration of baibiturates This method has been used 
pnncipally for the study of barbiturates ivhich are largely degraded in am and 
yield only very small amounts of unchanged drug m the unne (55, 118), or to 
confirm or disprove data obtained mth the cobalt color method (8, 74) The 
results of pharmacological testmg are at best very crude Furthermore, there is 
alwa3rs the possibihty that certain of the metabohtes of the barbiturates possess 
some hypnotic activity 

Other pharmacological methods have been used in elucidatmg specific features 
of barbiturate metabolism which are discussed below 

ABSORPTION AND DISTRIBUTION IN BODY FLUIDS 

The absorption of barbiturates occurs readily from the gastro-intestinal tract. 
According to Weese (128), a considerable part of a dose can be absorbed from the 
stomach, and narcosis can follow mtragastnc administration to guinea pigs with 
a ligature around the pylorus Most authors agree that rectal admmistration is 
much more efiBcient than the oral route, tlus avoids immediate passage through 
the liver which is the most important organ in degrading all but a few of the 
barbiturates For example, Werner, Pratt and Tatum (130) using rabbits found 
that the ratio of the oral to the mtravenous LDjo was 15 1 or more for the sodium 
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gravimetnc method used by Kozelka and Tatum (86) revealed 0^0 mgm per 
cent of phenobarbital m human cerebrospmal duid 30 to 45 mmutes after the 
oral administration of 585 mgm of the ding Even larger doses of vanous bar- 
biturates, particularly barbital (up to 10 gm ) and phenobarbital (up to 6 to 7 
gm ) had been mgested by the patients or subjects of Purves-Stewart and Willco\ 
(107) and Fretwmst and Voss (42) Samples of cerebrospmal flmd -were mvesti- 
gated 3 to 35 hours after the drug was taken For example, Purves-Stewart and 
Willcox, using an im disclosed method, observed 7 7 to 9 0 mgm. per cent of 
phenobarbital m the cisternal flmd with httle change from the sixteenth to the 
thirty-fifth hour Fretwurst and Voss found httle difference m the concentration 
of barbital or phenobarbital m the plasma as compared -with the cerebrospmal 
flmd One patient is reported to have taken 800 mgm of phenobarbital (com- 
pared with 585 mgm for the patients of Kozelka and Tatum) Nmeteen hours 
later the plasma and cerebrospmal flmd contamed, respectively, 4 2 and 3 1 mgm 
per cent of the drug If it be assumed that the patient had an extracellular flmd 
volume of about 12 1 , this flmd would have contamed about 60 per cent of the 
dose despite excretion, destruction and tissue localization or bmdmg This seems 
very unhkely Vogt mjected barbital or Dial mto dogs and consistently found 
less drug m the cerebrospmal flmd than m vanous parts of the central nervous 
system (126) 


DISTHTBUnOK IN TlSSimS 

After absorption or mtravenous mjection, barbiturates probably enter all cells 
and are actually concentrated or localized m some tissues such as the hver and 
kidneys This distnbution throughout all tissues is illustrated by the appearance 
of barbital m the gastne jmee and pancreatic secretion (20) and m the fetal tissues 
(25, 26) Phenobarbital can be detected m human milk after a smgle dose of 100 
mgm (124) It is likely that eqmhbnum, however imstable, is achieved more 
qmckiy for short-actmg barbiturates than for long-actmg drugs, especially bar- 
bital with its long latent penod of action Only barbital undergoes no metabohe 
change, and smee the pnncipal degradation products of the other drugs are 
probably pharmacologically inactive barbiturates, colonmetnc or ultraviolet 
spectrophotometnc determinations of drugs other than barbital m tissues yield 
httle reliable information concemmg the actual concentration of mjected drug, 
especially after mtervals of an hour or more This objection does not hold for the 
gravimetric method of Kozelka and his colleagues who actually identified the 
barbiturate after isolation (84, 86, 87) Apparently httle degradation of pheno- 
barbital, Amytal, Neonal, or pentobarbital occurs within 15 mmutes after mtra- 
pentoneal mjection of large doses mto rats, smee practically all the mjected 
barbiturate can be recovered and identified (84) On the other hand, -withm three 
hours after the oral administration of pentobarbital to dogs, the urme contams 
considerable amounts of degraded pentobarbital, probably m the form of bar- 
biturate, and almost no unaltered drug (96, 125) 

The concentration of barbital m tissues after the administration of doses rang- 
mg from innocuous to fatal has been mvestigated Among the first careful toxico- 
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depth of anesthesia with the blood level of tbopental The apparent relationship 
between the blood levels of barbiturates and phannacologioal effect is listed m 
Table 1 

Anderson and Essex (1) confirmed the work reported in the unpublished thesis 
of Delmonico who found cychc fluctuations m the blood level of barbiturate in 
dogs Anderson and Essex injected either Amytal or pentobarbital and deter- 
mmed barbiturate colonmetrically by Lewy’s method (89) after having con- 
cluded that Delmonico’s method was unreliable Even more unusual was their 
finding that cychc disappearance and reappearance of pentobarbital occurs m the 

TABLE 1 


Apparent Relattonahtp between Blood Levels of Barbiturates and Pharmacological Effect 
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* C “ colorimetric, G gravimetric, and U »• ultraviolet speotrophotometrio 
t One to 6 hours after anesthetic dose 

t After a therapeutic dose of barbital, the blood level was 6 0-S 6 mgm per cent by a 
colonmetrio method (89) 

heart-lung preparation with or without kidneys or extremities or both in the 
circulation No other investigator has observed "cychc disappearance from and 
reappearance m the blood” of mtravenously injected barbiturate 
Accordmg to Goldbaum (44) the level of vanoua barbiturates is shghtly if at 
all higher in the plasma than m the whole blood of rabbits Yet Fretwurst and 
Voss (42), mvestigating human blood m cases of poisomng by barbital and pheno- 
barbital (drugs used by Goldbaum), asserted that erythrocytes contam virtually 
no barbiturate 

There are senous discrepancies m the reports on the concentration of bar- 
biturates m cerebrospinal flmd The differences appear m part to depend upon 
variations m dose and m mterval between admmistration and samphng The 
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gravimetric method used by Kozelka and Tatiim (86) revealed 0^0 mgm per 
cent of phenobarbital m human cerebrospinal fluid 30 to 45 mmutes after the 
oral adimnistration of 585 mgm of the drug Even larger doses of various bar- 
biturates, particularly barbital (up to 10 gm ) and phenobarbital (up to 6 to 7 
gm ) had been mgested by the patients or subjects of Purves-Stewart and Willcov 
(107) and Fretwurst and Voss (42) Samples of cerebrospmal flmd ivere mvesti- 
gated 3 to 35 hours after the drug was t^en. For example, Purves-Stewart and 
Willcox, usmg an undisclosed method, observed 7 7 to 9 0 mgm per cent of 
phenobarbital m the cisternal flmd with httle change from the sixteenth to the 
thirty-fifth hour Fretwurst and Voss found httle difference m the concentration 
of barbital or phenobarbital m the plasma as compared with the cerebrospmal 
flmd One patient is reported to have taken 800 mgm of phenobarbital (com- 
pared with 585 mgm for the patients of Kozelka and Tatum) Nmeteen hours 
later the plasma and cerebrospmal flmd contamed, respectively, 4 2 and 3 1 mgm 
per cent of the drug If it be assumed that the patient had an extracellular flmd 
volume of about 12 1 , this flmd would have contamed about 60 per cent of the 
dose despite excretion, destruction and tissue locahzation or bmdmg This seems 
very unhkely Vogt mjected barbital or Dial mto dogs and consistently found 
less drug m the cerebrospmal flmd than m various parts of the central nervous 
system (126) 


DISTHIBtmON IN TISSUES 

After absorption or mtravenous mjection, barbiturates probably enter all cells 
and are actually concentrated or locahzed m some tissues such as the hver and 
kidneys This distribution throughout all tissues is illustrated by the appearance 
of barbital m the gastnc jmce and pancreatic secretion (20) and m the fetal tissues 
(25, 26) Phenobarbital can be detected m human milk after a smgle dose of 100 
mgm (124) It is likely that eqmhbnum, however unstable, is achieved more 
qmckly for short-actmg barbiturates than for long-actmg drugs, especially bar- 
bital with its long latent penod of action Only barbital undergoes no metabohc 
change, and smce the prmcipal degradation products of the other drugs are 
probably pharmacologically inactive barbiturates, colonmetnc or ultraviolet 
spectrophotometnc determinations of drugs other than barbital m tissues yield 
httle reliable information concemmg the actual concentration of mjected drug, 
especially after mtervals of an hour or more This objection does not hold for the 
gravimetnc method of Kozelka and his colleagues who actually identified the 
barbiturate after isolation (84, 86, 87) Apparently httle degradation of pheno- 
barbital, Am 3 dal, Neonal, or pentobarbital occurs withm 15 mmutes after mtra- 
pentoneal mjection of large doses mto rats, smce practically all the mjected 
barbiturate can be recovered and identified (84) On the other hand, wi thin three 
hours after the oral administration of pentobarbital to dogs, the unne contains 
considerable amounts of degraded pentobarbital, probably m the form of bar- 
biturate, and almost no unaltered drug (96, 125) 

The concentration of barbital m tissues after the admmistration of doses rang- 
mg from innocuous to fatal has been mvestigated Among the first careful toxico- 
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logical reports m man is that of Pucher (105) who found the following concentra- 
tions of barbital m the tissues after fatal poisonmg from a dose of 6 gm kidneys 
19 4, brain 14 0, hver 12 8 and spleen 12 1 (all expressed as mgm per 100 gm ) 
Snnilar observations were made by Zwikker and Steenhauer (133) Expenmental 
studies have largely been performed m mammals DiUe, Linegar and Koppanyi 
(28) concluded that the uptake of barbital by the tissues is relatively faster at 
low than at high blood concentrations, a findmg which is not surprising Tissue 
concentrations in companson with blood concentrations vaned with the dose and 
with the mterval betiveen injection and samplmg An example is the authors’ 
dog number 3, from which samples were taken 22 hours after the mjeotion of 300 
mgm perkgm of sodium barbital blood 8 0, various divisions of bram 2 0 to 7 0, 
liver 14 0 and kidney 17 5 (all expressed as mgm per 100 cc or 100 gm ) Other 
examples of tissue analyses wall be found m several reports (2, 71, 72, 77, 79, 126) 

Expenments with barbital alone should be considered m any attempt to decide 
whether there is significant locahzation of barbiturate either m the central nerv- 
ous system or specifically m the diencephalon where “centers” regulating the 
degree of wakefulness or sleepmess are beheved to reside During the penod 
1927-1937, E and I Keeser contended that after small doses of barbital (eff, 
25 mgm per kgm ), intravenously administered to rabbits or dogs, specific local- 
ization of the drug occurred m the diencephalon, as revealed by the presence of 
easily subluned drug m ciystallme form (60-65) Similar sublimation of extracts 
of other cerebral structures (cortex, pons and medulla, cerebellum) revealed no 
barbital or only a much smaller quantity (mesencephalon) No quantitative data 
were offered M Vogt (126) made a careful attempt to secure quantitative evi- 
dence of such specific localization Her methods permitted recovery of about 50 
per cent of large doses of drug, but were only qualitative with doses of 10 to 100 
mgm per kgm She found no evidence of localization of barbital m a specific 
division of the bram 

Work which imght be cited as favonng locahzation m the brain m companson 
with other tissues (e p , 31 and 32) contams no adequate descnption of methods 
In fact, Fabre m 1925 reported relatively enormous ioial amounts of barbital m 
the brain in companson with other tissues such as the liver (31, 32), yet m 1934 
in another study (30) he stated that the concentration of barbital m the liver was 
higher than in the bram All other work supports the contention of Vogt and of 
Koppanyi and his colleagues that barbital is not specifically locahzed in the bram 
and, more often than not, is there in lower concentration than m such tissues as 
the hver, kidney and spleen (2, 71, 72, 77, 105, 128, 129, 133) 

The cross-circulation expenments of Koppanyi and Linegar (76) indicated that 
as the blood level of barbital fell, the drug diffused from the central nervous 
sjrstera and rapid recovery could follow It would seem that barbital is loosely 
bound to nervous tissue and piobably to other tissues as well 

There are reports of tissue distnfaution of other barbiturates by methods, either 
coloriraetnc or ultraviolet spectrophotometric, which probably cannot distmguish 
the drugs from closely related degradation products The drugs studied were 
phenobarbital (44, 72, 77), Amytal (25, 44), Dial (72, 126), Sandoptal (72), 
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Phanodom (126), pentobarbital (28, 44, 72, 77), Seconal (44) and thiopental (59) 
A careful gravimetnc method has also been used for Amytal (87, 122) 

DETOXIFICATION 

The detoxification of barbiturates depends upon renal excretion or destruction 
m the tissues or both Barbital is the only barbiturate which appears to leave the 
body without alteration, and its detoxification depends, in a practical sense, 
entuely on renal excretion, this may extend over days (4, 33, 95) Excretion of 
barbital may be markedly reduced by renal disease (3) and may be so impaired 
m animals with experimental nephritis (potassium chromate, tartanc acid or 
ur anium acetate) that anesthetic doses lead to death (100) The penod of sur- 
vival after total nephrectomy is greatly shortened if barbital has been ad- 
mimatered (56, 94) Although phenobarbital is m a large part degraded 
m the body m some unknown fashion, experimental studies mdicate that func- 
tionmg kidneys are necessary for its detoxification (56, 94) It has not been 
demonstrated that the kidneys play an essential part in the detoxification of the 
other barbiturates 

The most important other smgle organ for detoxification, as w ould be expected, 
is the hver Liver damage by chloroform, carbon tetrachloride or phosphorus 
markedly mcreases the toxicity of barbiturates such as Amytal, pentobarbital 
and Evipal (18, 66, 93, 103, 104, 122), whereas this mcrease is not observed after 
nephrectomy (56, 128) In the experiments of Tatum, Nelson and Kozelka (122), 
m which the hver was damaged with carbon tetrachlonde, unusual amounts of 
Amytal persisted m the hver imtil delayed detoxification finally permitted re- 
covery Partial hepatectomy, with proper precautions, has the same effect on all 
the common short-actmg barbiturates used orally (94, 114) 

The extent to which other tissues participate m the degradation of barbiturates 
appears to be less important Assaymg Evipal biologically, Martm, Herrhch and 
Clark (93) observed that destruction of the drug, especially by hver and less 
stnkmgly by skeletal muscle and spleen, occurred tn inlro', but that no such 
destruction by kidney, brain and oxygenated blood could be demonstrated Like- 
wise from in mtro experiments, Dorfman and Goldbaum (29) concluded that 
kidney, skeletal muscle and bram do not destroy a number of barbiturates which 
are degraded to a varymg extent by liver However, they rehed upon an ultra- 
violet spectrophotometnc method which perhaps yields more significant results 
concemmg disappearance than persistence of drug Masson and Beland (94) 
beheved that the kidney participates as much as the hver m the detoxification of 
Dial, Neonal, Phanodom and Delvinal, however, Hirschfelder and Haury (56) 
who also performed experiments with the first three drugs of this group observed 
no change m potency after nephrectomy 

Apparently the hver inactivates a thiobarbiturate like thiopental so eflSciently 
that extensive reduction of functional hepatic tissue is necessary before the 
hver’s importance m this regard can be revealed Masson and Beland (94) demed 
that hepatic degradation of thiopental occurs, however, accumulatmg data reveal 
that this is an erroneous mterpretation and suggest that a sufficiently large 
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proportion of the liver had not been removed from their rats Shideman, Kelly 
and Adams (117) made Eck fistulas in rats and damaged the hvers of mice with 
carbon tetrachlonde They had no difiiculty in demonstrating a marked mcreasa 
in the potency of thiobarbiturates (thiopental, Suntal and Thioethamyl) and of 
pentobarbital in such animals The potency of barbital was not changed Hepatic 
tissue m vUro will hkeivise degrade thiobarbiturates (29, 117) Lastly, patients 
AVith extensive hepatic disease may be anesthetized for remarkably long periods 
by thiopental (99, 117) Experiments m dogs with Eck fistulas and axpenments 
with the heart-lung preparation wth or without hver or kidney contmue to sup- 
port the view that the pnncipal degradation of thiopental occurs in the hver 
Some destruction occurred m the heart-lung preparation and more destruction 
was found when the kidney was m the circulatory circuit, m agreement with 
findmgs tn vitro (29, 66) 

A sex difference m response to some barbiturates — adult females are more 
susceptible than adult males — has been reported by Hoick as well as by previous 
investigators (57) Susceptibility to pentobarbital, measured by sleepmg tune, 
18 mcreased after spaying or castration The mjection of testosterone into cas- 
trated male rats can reduce susceptibihty to pentobarbital (16, 17, 98). Those 
mterested in the rate of detoxification of barbiturate m mtact mammals are 
referred to reports by Koppanyi and Liberson (75), Kohn and Gnmea (89) and 
Das and Raventds (23) The drugs used were Amytal, barbital, Evipal, Kemithal, 
pentobarbital and thiopental Das and Raventds (23) concluded that a very 
ahort-actmg barbiturate like Evipal is detoxified m an exponential manner, » e 
a constant proportion (1/35 to 1/30) of the amount of the drug present m the 
body IS inactivated per mmute. 

EXCRETION AND METABOLIC FATE 

It IS known that the body possesses two methods for removmg the barbiturates 
(1) destruction or chemical alteration principally in the hver, and (2) excretion 
through the kidneys One barbiturate at least is largely excreted as such, others 
are destroyed m the body, and still others are partly excreted and partly de- 
stroyed The fate of a particular barbiturate depends upon its chemical constitu- 
tion, but at present one cannot predict from chemical structure precisely how the 
drug will be metabohzed 

The metabobc fate of the barbiturates will be discussed with reference to a 
famihar classification based on the duration of hypnotic or anesthetic action 
(Table 2) This is a desirable approach, smce there is some correlation between 
the tn vwo stabihty of the mdividual barbiturates and their duration of action 
As a matter of fact, the duration of action may be used as a biological test of 
stability On this basis, the long-actmg drugs, barbital, phenobarbital and Dial, 
appear to be relatively stable, and, mdeed, they do appear m the unne in detecta- 
ble and measurable quantities On the other hand, those members of the senes 
which, on the basis of a relatively short penod of action, are more unstable appear 
m the unne only m very small amounts except imder unusual conditions 

The barbiturate which has received most study is barbital Fischer and von 
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TABLE 2 

Mtlabohe Fata of Barbiturates 
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Drugs with Lang Duration of Effect 


A1 urate 

Barbital 

Dial 

Fbenobarbital 

Butonal 

13-24 

65-90 

27-31 

11-25 

25 

G (3S, 68, 102, 111) 
0(4,33,34,47,95, 111, 
115) 

C (79) 

G (101, 110) 

G (47, 101, 111) 

C (79) 

G (101) 

? 

? 

? 

? 



Drugs with Moderate Duration of Effect 


Amytal 

Butiaol 

Delvinal 

0 

G (63, 65, 118) 

P (8, 55, 118) 

Not adequately stud- 
ied 

Not adequately stud- 
ied 

? 


Dormovit 

Ipral 

2-3 

G (41) 

Not adequately 
studied 

? 


Medomin 

0 

G (106) 

5-cycloheptenonyl, 
6-ethyI barbituric 
acid 

1-6 

Neonal 

Nostal 

Ortal 

0 

1-3 

0 

G (53, 65) 

G (47) 

B (131) 

P(8) 

? 

6-acetonyl, 6-isopro- 
pylbarbitunc acid 
(47) 

6-16 

Pentobarbital 

0-3 

G (54, 65, 118) 

P (8, 65, 118) 

I (125, 112A) 

6-ethyl , 5(3-hydroxy- 
l-methylbutyl) bar- 
bituric acid (96) 

? 

Femoaton 

0 1-0 5 

G (39) 

6-acetonyl , 5-iec-bu- 
tylbarbituno acid 

5-17 

Fbanodom 

2-7 

G (40) 

6-cyolohexenonyl,5- 
ethylbarbituno acid 

13-19 

Sandoptal 

0 

C (74) 

? 



Drugs with Short Duration of Effect 


Eunarcon 

0 

C (43) 

B (43) 

? 


Narconumal 

0 

G (10) 

6-aIIyl , 5-iBopropyl 
barbituric acid 

Trace 

Prominal 

Seconal 

0 

G (16) 

Not adequately stud- 
ied 

6-ethyl , 6-phenylbar- 
bitunc acid 

4 
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TABLE 2 — Continued 
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Drugs with “Ultrashort" Duration of Effect 


Evipal 

0 

P (12) 

6-cyclohexenonyl ,S- 

6 

1 

j 

Kemithal 

1 

0 

1 

C (19) 

methylbarbituric 
acid j 

laomeno 5-cyclohex- ; 
enonyl, 1,5-diineth- 
ylbarbiturio acids 
(13) 

? 

t 

Thioethamyl 

Thiopental 

Traces 

Not adequately 
studied 

U (59) 

? 



• G •• Gravimetric method (chemicai isolation) 

C “ Colorimetric method 
I “ Isotopic method 

U “ Ultraviolet apectrophotometric method 
P “ Pharmacological method (bio-aasay) 

B Determination of organic bromine 
Figures in parentheses are references 

Menng (33) administered 4 gm in 48 hours to a young man and found that about 
70 per cent of the drug was excreted over a period of five days Later studies 
(34, 47, 79, 111, 115) in which the gravimetnc or cobalt color methods were used 
have shoivn that 65 to 90 per cent of a dose of barbital administered to man, dog, 
cat or rabbit is excreted m the urine Only very small amounts are axcreted m 
the feces Normal humans eliminate about 8 per cent of the drug in the unne m 
the first 12 hours, 20 per cent in 24 hours, and 35 per cent in 48 hours (109) It 
has been demonstrated that traces of barbital are still detectable in the unne 8 
to 12 days after the administration of a hypnotic dose (95) Bachera (4) reported 
that 90 per cent of small doses but only about 45 to 50 per cent of large doses is 
excreted This work has been refuted by Mattisson (95) and Koppanyi (79) 
Koppanyi and coworkers (78) studied the action of barbital in fowls and tur- 
tles Fowls receivmg anesthetic doses of the drug did not recover from the narcosis 
and eventually died of respiratoiy failure The foivl could recover from anesthetic 
doses of those barbiturates which in the mammal depend only in part (pheno- 
barbital) or not at all on renal excretion (pentobarbital, Neonal and Pemoston) 
With smaller doses, the amoimt of barbital excieted by the fowl was less than 
half of that excreted by the mammal Furthermore, the penod of excretion was 
greatly prolonged in the fowl Turtles usually recovered from anesthetic doses of 
barbital, but did so very slowly They excreted only a very small amount of 
barbital (10 to 25 per cent of the doses) over a period of weeks and appeared to 
show retention of the drug m the blood and organs 3 to 11 weeks after the ad- 
ministration of a smgle dose 
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The other long-acting barbiturates appear to suffer some change m the animal 
body The elimmation of phenobarbital m the urme of man and dogs has been 
studied by different workers (47, 79, 101, 111) witb good agreement in results 
Dogs given smgle doses of 68 to 100 mgm per kgm and humans given 250 mgm 
to 1 8 gm daily over a penod of several days excreted 11 to 25 per cent of the 
dose m the urme The excretion may contmue for as long as ten days after the 
admimstration of the drug (36) The closely related barbiturate, Rutonal (5- 
methyl, 5-phenylbarbitunc acid) appears to be ehmmated m a very similar way 
Paget and Desodt (101) reported that the urme of a patient given 200 mgm per 
day for 14 days contamed 25 per cent of the drug 
The excretion of Dial has been studied less extensively than that of barbital 
and phenobarbital Reiche and Halberkann (110) found that 3 patients given 
100 to 300 mgm daily for 4 to 11 days excreted 27 to 31 per cent of the drug m 
the urme The Dial was excreted for 7 days after administration was stopped 
Paget and Desodt (101) studied the urme of a patient given 100 mgm per day 
for 13 days and found 30 per cent of the admmistered drug Koppan}^ and 
coworkers (79) gave a dog a smgle dose of 80 mgm per kgm mtravenously and 
with the cobalt color method found that 40 per cent of the drug was excreted m 
2 5 days 

The ebmination of Alurate m the urme has been studied after single doses m 
dogs and after repeated doses m humans The results of most workers (38, 68, 
102, 111) indicate an excretion of 13 to 24 per cent of the drug With continued 
administration the unchanged barbiturate may be found in the unne 3 to 5 days 
after the drug is discontmued In febnle patients the excretion of Alurate appears 
to be only 4 to 6 per cent (38) Fabre and Fredet (31, 32) ha\e reported results 
which are m marked contrast with those of other mvestigators They asserted 
that 46 to 90 per cent of doses of 0 55 to 1 0 gm n as eliminated by humans m 6 
days Furthermore, they stated that their product was identified by its meltmg 
pomt and by preparation of the chxanthyl denvative 
It will be noted that none of the barbiturates ivith persistent action contains 
an alkyl or alkenyl side-cham with more than three carbon atoms. It seems to be 
true that barbiturates with two short allvyl or allcenyl chains are relatively stable. 
Increasmg the length of one of the chains mcreases the activity, but the molecule 
is then more susceptible to chemical change m the hver In this way drugs of short 
or moderate duration of action are obtained The addition of a methylene group 
to Alurate yields Sandoptal, a drug with moderate duration of effect In contrast 
with Alurate, u hich is excreted to the extent of 20 per cent, Sandoptal is ehmi- 
nated m the unne m negligible amounts (74) Likewise, the addition of two 
methylene groups to phenobarbital yields 5-n-butyl, 5-phenylbarbitunc acid, 
uhereas phenobarbital is excreted to the extent of 25 per cent, n-butylphenyl- 
barbitunc acid cannot be detected in urme (74) Nothing is knoun concemmg the 
fate of Sandoptal or n-butyl phenylbarbitunc acid 
There is some disagreement concerning the excretion of Neonal Koppanyi and 
Krop (74), usmg the cobalt color method, concluded that dogs eliminate 5 to 41 
per cent of the drug unchanged m the urine in 3 to 7 days As was pointed out 
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pfeviously, the use of the cobalt color method for the study of the excretion of 
drugs which are degraded tn vm might be expected to yield erroneous results 
However, the above mvestigators stated that in every case the residues from the 
chloroform extracts of the urme had anesthetic activity m rate. Furthermore, the 
unne from the rata was cheimcally exammed, and it was always possible to show 
the presence of barbiturates by means of the cobalt color t^ and to identify 
crystals of Neonal by microscopic exammation of the dned chloroform extract 
In contrast, Herwick (63, 65) was not able to isolate any unchanged Neonal from 
the unne of dogs given anesthetic doses, and aU his extracts were mactive when 
mjected into imce 

Amytal and Ortal appear to be eliminated m the urme m negligible amounts 
The cobalt color method mdicates an excretion of both of these substances m the 
urme (8, 74), but it is now pretty well established that the chromogemc sub- 
stances are unidentified metabolites of the drugs rather than the unchanged 
drugs (8, 88) Herwick (53, 55) and Shonle and coworkers (118) earned out 
exhaustive attempts to isolate Amytal from the urme of dogs and patients given 
widely vaiymg doses but obtamed at most only traces of the drug Koppanyi and 
ICrop (74) reported that after the administration of Amytal extracts of urme 
possess anesthetic activity m rats Other workers (8, 55, 118) have found no 
evidence for the presence of hypnotic compounds m the unne after administration 
of either Amydal or Ortal 
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There is general agreement that only very small amounts of pentobarbital are 
ehmmated m the unne (8, 54, 55, 118, 125) Shonle and coworkers (118) suggested 
that the destruction of pentobarbital and Amytal m the body mvolved hydro- 
lytic cleavage of the barbitunc acid nng They explamed the absence of the 
acetyl urea and acetamide derivatives m the urme by assummg that these com- 
pounds were completely metabohzed to carbon dioxide, ammonia and water 
Eecently van Dyke and coworkers (125) demonstrated that such extensive degra- 
dation does not occur with pentobarbital After the admmistration of pento- 
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barbital labeled with N“ they found that less than 8 per cent of the isotope was 
excreted as ammonia and urea 

Only one metabohte of pentobarbital has been isolated m pure form and charac- 
tenzed Maynert and van Dyke (96) descnbed a new barbiturate which is ap- 
parently 5-ethyl, 5(3-hydroxy-l-methyl-butyl) barbitunc acid Elementary 
analysis, ultraviolet absorption, the preparation of a crystalhne acetate and the 
formation of iodoform with sodium hypoiodite were used to deduce the structure 
The compound is optically active and, hence, must be derived from only one of 
the enantiomorphs of pentobarbital It has no apparent pharmacological effect 
m mice Herwick (54, 55) and Koppanyi and coworkers (77) have detected the 
presence m unne of metahohtes with depressant or hypnotic activity, but no 
pure compounds were isolated Also, Bams and Magoun (5) have reported the 
presence m unne of a reducmg substance foUowmg mjection of pentobarbital, 
but its identity is unknown Usmg filter-paper chromatography, Roth and co- 
workers (112a) found evidence for five radioactive metabohtes m the unne of 
mice after the admmistration of pentobarbital labeled with They stated 
that none of these compounds was urea or unchanged drug 
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The isolation of 5-ethyl , 5(3-hydroxy-l-methylbutyl) barbitunc acid from unne 
provides the first positive clue to the metabohc fate of the dialkylbarbituric 
acids It would appear that ethyl groups attached to the barbitunc acid nng do 
not suffer change m the body For example, diethylbarbituric acid is excreted 
unchanged Increasing the length of one of the chains forms a molecule which is 
more susceptible to chemical change m the hver Previously it was not known 
whether the change m such barbiturates was due to oxidation, hydrolysis, con- 
jugation or a combination of these reactions It now appears likely that direct 
oxidative attack of side chains containmg four or more carbon atoms is an im- 
portant phase of the chemical alteration of such compounds m the body 
Nostal and its homologue, Pempston, provide other examples m which metabo- 
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htes of barbiturates have been isolated Different mvestigatore (47, 131) have 
reported that 1 to 3 per cent of single or repeated doses of Nostal is eliminated m 
the unne Halberkann and Reiche (47) were able to isolate from the unne, in 
addition to the unchanged drug, 5-acetonyl,5-i80propylbarbitunc acid m 
amounts which were sometunes as high as 12 to 16 per cent of the dose Boedecker 
and Ludwig (7) gave the acetonyl derivative mtravenously to rabbits and found 
that only 19 per cent of the compound was excreted unchanged On the basis of 
this observation they postulated that the remamder of the compound was oxi- 
dized in VIVO to 5-carboxymethyl,5-isopropylbarbitunc acid Although the latter 
compound has been prepared and shown to be without hypnotic activity, never- 
theless it has never been isolated from unne The metabolic fate of Peraoston la 
very similar Although only traces of unchanged drug are excreted, 5 to 17 per , 
cent of the dose may be accounted for as 5-acetonyl,5-sec-butylbarbitunc acid 1 
(39) 


0 

(CH,),CH h- 

\ / 
c 

CH,=C— ^C- 

i 


0 

-NH (CH,),CH NH 

^ o=»o 

-nh:^ ch,— c— ch,^ '^c— ne/ 

A A 


The metabolic fate of Phanodom was mvestigated by Fretwurst, Halberkann 
and Reiche (40) They found that 2 to 7 per cent of the drug is elunmated un- 
changed and that 12 to 19 per cent is excreted as a non-toxic compound which 
they isolated m pure form On the basis of chemical analysis they beheved that 
the substance was cyclohexenonylethylbarbitunc acid, but a thorough-gomg m- 
vestigation of its reactions and a proof of structure are still lacking 


0 0 0 



A similar picture has evolved from work on two closely related drugs After 
admimstration of 5-cyclohexenyI,5-methylbarbitunc acid (nor-Evipal) to dogs, 
Bush and Butler (12) recovered 10 per cent of unchanged drug from the unne 
Later (13) they were able to isolate a new compound m somewhat laiger amounts 
The elementary anar3^B corresponded to 5-cyclohexenonyI,5-methylbarbitunc 
acid The substance was relatively mactive as a hypnotic Likewise, Pulver (106) 
found that 1 to 6 per cent of doses of Medomm is excreted as a non-hypnotic 
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compound witli the elementary composition of cycloheptenonylethylbarbitunc 
acid A semicarbazone denvative was prepared, and the analytical values were 
m accord with theory However, in neither case has there been a complete proof 
of structure 

Dormovit, 5-furfuryl, 5-isopropylbarbitunc acid, has had some clinical use m 
Europe Fretwurst and Never (41) found that a dog and 4 patients given the drug 
over a penod of several days el imin ated 2 to 3 per cent of the total dose ad mini s- 
tered The excretion of unchanged barbiturate was complete 2 days after ad- 
ministration was stopped 

The short-actmg and ultra-short-actmg barbiturates are N-alkyl denvatives 
of disubstituted barbitunc acids or disubstituted denvatives of 2-thiobarbitunc 
acid "When these compounds are given intravenously they are much more active 
but for a much shorter penod than any of the compounds mentioned thus far 
It has been found, hoivever, that long contmued mtravenous injection or repeated 
mtravenous injection of these compounds may lead to a progressive prolonga- 
tion of depression, mdicatmg that the drugs are not bemg rapidly and completely 
destroyed as might be inferred from the short penod of depression or anesthesia 
following the imtial mjection Butler and Bush (15) suggested that these sub- 
stances might be transformed in vivo not mto inactive compounds, but into 
less active compounds of longer duration of action They showed that this is 
definitely the case with N-methylbarbital (11, 15) Following the mtravenous 
adnunistration of anesthetic doses of this drug mto dogs, they isolated barbital 
from the unne m as much as 69 per cent jneld, only 2 to 3 per cent of unchanged 
N-methyl-barbital was recovered 

In sunilar experiments wnth N-methylphenobarbital (Mcbaral or Prominal), 
Butler imd Bush isolated phenobarbital with a yield of 4 per cent of the dose, no 
unchanged N-methylpheuobarbital was reco\ ered They also studied the higher 
N-alkyl denvatives of barbital to see to w'hat extent dealkylation was responsible 
for their short action From the ethyl denvatn e 30 to 40 per cent of the dose was 
recovered as barbital The n-propyl denvative m one case yielded a trace of bar- 
bital, but usually no barbital could be found The isopropyl, allyl, ?i-butyl and 
phenyl denvatives yielded only very small amounts of hypnotic m the unne as 
determmed by bio-assay in mice Hence, although the inactii ation of n-butyl and 
a-propylbarbital is even more rapid than that of the meth}'! and ethyl com- 
pounds, the inactivation cannot m any great measure be attnbuted to dealkyla- 
tion 

The fact that little or no barbital is found m the urine after the administration 
of certain N-alkyl denvatives of barbital does not necessanly indicate that de- 
alkylation does not occur, but rather that anothei reaction is much more rapid 
The nature of this other reaction has not been determined It is kno^vn, how'ever, 
that the mtroduction of a methyl group on a nitrogen atom of a barbiturate alters 
the stabihty of the nng tow ard aqueous alkali to a degree dependent on the other 
groups present It is possible that in tnio the rate of nng opening is m some cases 
more important than that of dealkylation 

Evipal IS an N-methylbarbiturate of some clinical importance Bush and Butler 
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(12) found that whereas nor-Evipal is excreted to the extent of 10 per cent, urme 
collected after the administration of Evipal contains such Rnmll amounts of nar- 
cotic matenal as to mdicate that not more than 10 per cent of the drug is de- 
methylated to nor-Evipal Apparently the most important detoxification reaction 
IS oxidation of the cyclohexenyl nng as occurs m Phanodom and nor-Evipal The 
same mvestigators (13) were able to isolate from urme 5-cyclohexenonyl , 5-taethyl- 
barbitunc acid m an amount eqmvalent to about 6 per cent of the dose of Evipal 
They also isolated two other substances, elementary analyses mdicated that they 
Vi ere isomenc 5-cyclohexenonyl, 1,6-dimethylbarbitunc acids 

No metabohtes of Eunarcon, the N-methyl denvative of Nostal, have been 
isolated The drug affords possibilities for demethylation and nng cleavage in 
addition to the formation of acetonyl compounds as m the case of Nostal and 
Pemoston The only woric reported on this compound is that of Qlet (43). He 
found that urme collected after the administration of Eunarcon gave a negative 
reaction with the cobalt color test and contamed no orgamc bromine. 

Narconumal is the N-methyl denvative of Alurate Thalheimer (123) reported 
that m one human experiment more than 20 per cent of this compound could be 
lecovered after an anesthetic dose of 2 gm Also, Demole (24) stated that 4 per 
cent of an intravenous dose of 60 mgm per kgm given to a dog was excreted un- 
changed m the urme m the first 20 hours K these results are rehable, the entire 
picture of the motabohsm of the barbiturates is complicated further, because 
they would mdicate that the N-methjd-barbitunc acids can m certam cases be 
stable in vivo Unfortunately, neither investigator mentioned his method of identi- 
fication Bush and Butler (10) have obtamed results which are at vanance with 
those of Thalheuner and of Demole. They found veiy small amounts of the 
demethylated compound but no unchanged drug m the urme of dogs anesthe- 
tized with Narconumal In their opmion, the fact that the pharmacological ac- 
tmty m mice was much less than that of Alurate mdicated that this compound 
IS different from the other N-methyl compounds and is detoxified m a different 
manner 

Two thiobarbitunc acid derivatives wduch are of mterest clmically are thio- 
pental and Thioethamyl Apparently these barbiturates are excreted m the urme 
only m traces (59), but the problem has not received much study Recently Mark 
and coworkers (92) reported the isolation of two metabohtes of thiopental from 
unne They stated that one of these was purified and found to possess at most a 
mild sedative action Further details are lackmg 

There has been speculation that the sulfur of thiobarbiturates may be replaced 
by oxygen in tnvo, which accounts for the prolonged duration of anesthetic effect 
foUowmg largo doses However, there is no chemical evidence to support this 
Kozelka and Hme (83) were unable to demonstrate the presence of the sulfur-free 
analogs m the tissues after successive mjections of thiopental and Thioethamyl 
into dogs and rabbits Smce they were also unable to detect the thiobarbitunc 
acids by color reactions, it seemed probable that the residual depression is due to 
some metabohc product Knowmg that thiobarbital acts similarly to other 
barbiturates, Bush and Butler (14) analyzed the urme of dogs treated with this 
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substance for unchanged thiobarbital and the easily detectable barbital There 
was no evidence that either of these substances was present m the unne 
Kemithal, 5-alIyl, 5-cycIohe.\enyI, 2-thiobarbitunc acid, has had clinical use in 
England Carrington and Raventds (19), using a copper sulfate-diethyl amine 
color method, found that rabbits given a total of 750 mgm intravenously ehini- 
nated about 2 per cent of the dose m the unne In addition they found substances 
giving a positive reaction in the cobalt color test equivalent to about 2 5 per cent 
of the dose Nearly all these matenals were avcreted dunng the first 24 hours 
foUmvmg administration From the unne of a man receiving 6 0 gm of Kemithal 
by intravenous injection, only 46 mgm of thiobarbitunc acid were recovered 
dunng the first 24 hours after anesthesia 
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SUMMARY 

Much pubhshed work on the metabolism of the barbiturates cannot be ac- 
cepted as reliable because of the lack of specificity of the methods of determining 
the drugs Colonmetnc and ultraviolet spectrophotometnc methods are sensitive, 
but they cannot distmguish the drugs from those metabolic products which also 
are barbiturates (They are satisfactory only for barbital, wluch is not degraded 
in vtvo ) The grainmetnc method properly executed gives reliable results, but the 
sensitivity is not great Isotope dilution procedures can be both sensitn e and 
specific, but they require considerable special equipment Pharmacological 
methods are neither sensitive nor specific 
The absorption, distribution, detoxification and excretion of barbiturates are 
discussed It appears that the drugs are rapidly and completely absorbed Perhaps 
they vary shghtly in the rate at which they enter cells, barbital may be the 
slou est in this respect Probably they leave cells readily, as the plasma level falls 
The rates of excretion or degradation or both hkeivise vary and are the more 
lapid, the shorter the duration of action Barbital is excreted without change m 
the unne, as also are appreciable fractions of doses of phenobaibital, Alurate, 
Dial and Rutonal Only ver> small amounts of the other barbiturates escape 
raetabohe alteration which occurs prmcipally but not solely in the liver 

The identification of substances arising from the metabohe degradation of 
barbiturates is difiBcult and labonous The products isolated result from the 
dealkylation of N-alkyl drugs (c g , Prominal) or partial oxidation of an alkenyl 
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or alkyl group m the S-position (e g , Phanodom, Evipal and pentobarbital) or 
both (e g , Evipal) Drugs contaimng the 2-bromallyl group (e g , Nostal and 
Pemoston) undergo hydrolysis of the bromine to yield acetonyl derivatives 
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SPINAL CORD DEPRESSANT DRUGS* 

F M BERGER, MJ3 f 

The Dtpartmenl of Pedialnce, The Untversily of Rochester School of Medicine and Dentistry, 

Rochester, New York 

The pharmacology of drugs possessing a depressant action on the spinal cord 
received little attention m the past The discovery of useful apphcations of curare 
in medicine and surgery directed attention to other substances capable of pro- 
ducmg paralysis The purpose of the present article is to summarize the phar- 
macological properties of vanous substances producmg paralysis of skeletal 
muscles by a depressant action on the spinal cord Because of the lack of suitable 
laboratory methods for the evaluation of the therapeutic potentiahties of these 
substances, the chnical results obtamed with some of them have also been bnefly 
reviewed The acbons of local anesthetic drugs on the spmal cord were specifi- 
cally omitted 


THI-O-CRESYL PHOSPHATE 

Durmg the early part of 1930 a large number of people m the southwestern 
part of the Umted States developed a pecuhar form of paralysis which appeared 
about 10 days after the consumption of an alcohohc beverage sold as “Fluid ex- 
tract of Jamaica Gmger U S P ” and often called “Jake ” Smith et al (113, 114) 
have shown that tn-o-cresyl phosphate, present as an adulterant m certain fluid 
extracts of Jamaica gmger, was the etiologic agent of the epidemic of ginger 
paralysis 



Fia 1 Struotural formula of tn-o-cresyl phosphate 

Clinical course The disabihty began with soreness of the leg muscles which was 
soon followed by bilateral foot drop Bilateral wnst drop also developed m many 
cases but the disabihty in the hands was never as marked as m the feet Paraly- 
sis was always bilateral and symmetrical The clmical picture indicated an m- 
volvement of the lower motor neuron locahzed to the lower lumbar and lower 
cervical regions of the spmal cord 

• Aided by a grant from The National Foundation for Infantile Paralyeia, Inc 
t Present address Wallace Laboratones, Ino , New Brunswick, New Jersey 
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Effects in animals Tn-o-cresyl phosphate administered orally to rabbits or 
guinea pigs in doses of 50-100 mg per kg caused at first a mild degree of hyper- 
excitability wth generalized muscular tremor and incoordination This state 
passed after hours or days, depending on the dose given, into a picture dominated 
by flaccid muscular asthema and generalized flaccid par^ysis The rabbits did not 
show sjunptoms comparable to the charactenstic wnst drop and foot drop ob- 
served in human beings after ingestion of adulterated ginger extract The symp- 
toms of tri-o-cresyl phosphate poisoning in the rabbit were, however, exactly the 
same as those observed after administration of adulterated gmger axtracts to 
these animals 

Oral administration of tn-o-cresyl phosphate to dogs, cats and monkeys was 
without effect but subcutaneous or intramuscular injections produced motor 
paralysis of the hind limbs after an mterval of 6 or more days In calves and 
chickens, paralysis similar to that observed in humans could be produced by both 
oral and parenteral admimstration (113). Albino rats appeared wholly refractory 
to the effects of the poison by all routes of administration Mice were relatively 
insenative, flaccid paralysis of the hind legs occurred m some animals after large 
doses (68) 

The site of action The pharmacological examination of the neuromuscular 
apparatus in tn-o-cresyl phosphate poisomng m hens (1 15) indicated that neither 
the muscle fibres nor the motor end plates were affected Histological examina- 
tion of the nervous system in Jake paralysis m man and tn-o-cresyl poisoning in 
vanous anunals showed degeneration of the myelin sheaths of the penpberal 
nerves and degenerative changes of the antenor horn cells throughout the spinal 
cord (116) Autonoimc cells of the cord and dorsal root ganglia also showed defi- 
mte abnormahties (76) 

Effect on enzymes Bloch (23) found that tn-o-cresyl phosphate had a marked 
inhibiting action on choimesterase and serum lipase in vitro and tn vm Tn-m- 
cresyl phosphate and tn-p-cresyl phosphate did not inhibit these enzymes The 
action of the o-isomer was not due to the hberation of o-cresol in the animal 
body 

If acetylchohne plays an important role in the transmission of impulses m the 
spinal cord, a relationship between the antichohnesterase actmty and the para- 
lysing property of tn-o-cresyl phosphate might be expected However, other sub- 
stances possessing an mhibitmg action on cholinesterase do not produce paralysis 
It 13 possible that the action of tn-o-cresyl phosphate on other serum esterases 
may play an important part m the production of ginger paralysis 

Action of related compounds Tn-p-cresyl phosphate and tn-m-cresyl phosphate 
were much less toxic than the o-isonier and failed to produce toxic effects m rab- 
bits, chickens and cats m doses up to 3 grams per kg Tnphenyl phosphate, phenol 
and the three isomenc cresols were also considerably less toxic than tn-o-cresyl 
phosphate and differed from the latter by the production of symptoms soon after 
administration of toxic dose (114, 115) Tn-o-cresyl phosphite produced qualita- 
tively similar symptoms as the phosphate m rabbits, chickens and rats In cats, 
flaccid paralysis or marked extensor ngidity, particularly of the bnd limbs, was 
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observed (115) The histological lesions produced by tn-o-cresyl phosphite con- 
sisted in a degeneration of the ascending spmo-cerebellar tracts and the descend- 
ing mesencephalic-pontine-cerebello-spinal tracts In addition, there was also 
minor degeneration of the lower motor neuron charactenstic of tn-o-cresyl 
phosphate (79) 

Industrial and medicinal use of tn-o-cresyl phosphate Tn-o-cresyl phosphate and 
mixtures of the three isomers are widelv used m industry as plasticizers m the 
manufacture of celluloid, paints and varnishes and m tanmng of leather 
Hodge and Sterner (68) exairuned the skin absorption of tn-o-cresyl phosphate 
with the help of radioactive phosphorus They found that absorption through the 
palmar skin of the hands may occur and may constitute a real hazard m mdustnal 
operations permittmg repeated exposures to this compound 

Polyneuntia has followed the use of an abortifacient kno\vn as Apiol which 
contains tn-o-cresyl phosphate (72a) Certain cases of polyneuntis and of acute 
ascending paralysis of the Landry type may be due to tn-o-cresyl phosphate 
pomomng (76) Transient paresis of the legs m all members of a family which 
used a butter substitute and salad oil contaimng tn-o-cresyl phosphate has been 
descnbed (58a) 


DITHIOBIORET 

Durmg studies concerning the antithyroid activity of compounds related to 
thiourea, Astwood el al (2) observed that the chrome admimstration of dithio- 
biuret to rats caused reversible paralysis of the skeletal muscles 

S S 

11 1 > 

H,N— C— NH— C— NH, 

Fio 2 Structural formula of dithiobiuret 

Effect on animals When dithiobiuret was given in a single dose, it either did 
not produce symptoms or caused death, the effect observed dependmg on the 
amount of the drug given The lethal dose of the compound for an adult rat from 
a smgle mjection was 20 to 50 mg On chrome admimstration of the drug m 
drinking water m concentrations of 0 001 per cent to 0 002 per cent, correspond- 
mg to less than 0 5 mg of the drug per rat per day profound muscular paresis 
was observed after 2 to 4 days Paralysis appeared first m the hmd legs and later 
ascended to affect all voluntary muscles of the body wnth the exception of those 
of respiration, the head and neck Paralysis was not complete as the animfila were 
abletofeedandwaterthemsehes Muscular paresis was maintained as long as the 
administration of the drug was continued Animals which had been paralysed for 
some time lost weight and showed wastmg and contractures of the paral 3 fsed 
muscles Discontmuation of the drug resulted m complete recovery of muscle 
function m a few days The chrome admimstration of shghtly larger doses of 
dithiobiuret caused muscular paralysis and death by respiratory paralysis at the 
end of 5 to 6 days 
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The Site of action The site of action of dithiobiuret is m the central nervoua 
Bystem Faradic stiimilation of motor nerves elicited muscular contraction m 
paralysed animals The fact that strychnme failed to induce convulsions in para- 
lysed annuals suggests that dithiobiuret possesses a selective depressant action on 
the spinal cord (2) Altschul (1) did not observe any changes m the electroen 
cephalograms of animals tested after acute or prolonged administration of dithio- 
biuret 

The anticonwlsanl action In rats, dithiobiuret raised the threshold to electn- 
cally induced convulsions and modified the form of convulsions While normal 
animals showed tomc-clomc seizures, animals under the influence of dithiobiuret 
shoved seizures of sustained tome character followed by only minimal clonic 
movement (1) These observations are rather interesting m view of the findings 
of Toman el al (121) who have shoivn that anticonvulsant drugs as a rule abolish 
the extensor tonic component of the maximal seizure pattern in doses which do 
not influence or even prolong the dome phase Dithiobiuret, therefore, appears to 
possess a quahtatively cMerent anticonvulsant action However, the anticon- 
vulsant effect of dithiobiuret was well marked only in annuals which were para- 
lysed (1) 

The mode of action Histological examination of the central nervous system of 
arumala paralysed with dithiobiuret did not disclose any structural damage. 
The acetylcholme and chohnesterase content of brains of paralysed rats was 
normal Paralysis could not bo coimteracted by the admimstration of pilocarpine, 
neostigmine, atropine or epinephrine or by large doses of crude liver extract, 
thiamine, nicotinic acid, vitamin A, biotm, brewer’s yeast or biuret (2) Astwood 
et al (2) beheve that dithiobiuret mterferes wth a hitherto unrecognized proc- 
ess essential to the transmission of impulses in the central nervous system, by 
blocking a component of some enzyme system 


nENZmilDAZOLE 


Goodman, Gilman and Hart (51, 49) m 1943 made the interesting observation 
that the simple chenaical compound benzunidazole caused transient paralysis m 
various species of laboratory animals 

The paralysing action An mtrapentoneal injection of benzimidazole to mice 
or cats in doses of 200 to 300 mg per kg caused a profound decrease of muscle 
tone and loss of postural reflexes After administration of the drug, the hind 
legs became affected first, the trunk and foreleg muscles next and the neck mus- 
culature was the last to show the effect of the drug Large doses of the drug caused 
complete muscular paralysis which appeared m the order mentioned Dunng 
paralysis respiration remained adequate and was sometimes increased dunng the 
imtial phase of action of the compound 




,NH 


N 
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Dunng paralysis, comeal and pupillary reflexes 'were normal and deep reflexes 
normal or exaggerated Theie ^\as little response to painful stimub, but the im- 
pairment was probably secondary to the spinal cord deficit, since very’- painful 
stimuli caused dilatation of the pupil 

Paralysis lasted for about one hour and was followed by giadual recovery of 
muscular pow er Recovery as a rule w as complete about 4 hours after administra- 
tion of the drug Paralysis was not preceded by excitation and w’as not accom- 
panied by a loss of consciousness These observations indicate that benzimidazole 
can produce selectu e cord paralj'sis in doses which do not cause anesthesia 
Effect on vital functions and toxicity Electrocardiographic studies showed that 
the heart was uninfluenced bj larger doses of benzinudazole The fall of blood 
pressure observed after rapid intravenous mjection of the compound may have 
been due to vasodilatation 

Respiration remained adequate and the animals continued to breathe spon- 
taneously even during complete paralysis of all voluntary muscles Death from 
toxic doses was due to respiratory paralysis In mice and probably also in other 
annuals the mean lethal dose was more than twice as large as the mean paralys- 
mg dose Benzimidazole, therefore, possessed an adequate margin of safety 
Chronic administration of benznnidazole for many w eeks to rats and mice in 
doses which did not affect voluntary movements, did not influence the growth, 
behaviour or general appearance of the anunals No gross changes were observed 
m any organs after the animals were sacnficed 
Benzimidazole has been effectively admimstered by the intravenous, mtra- 
pentoneal, subcutaneous, and oral routes The compound is apparently well 
absorbed Data concermng the fate of the compound in the body are not avail- 
able It appears probable that it is rapidly' inactivated in the body as cumulative 
toxicity did not develop Admmistration continued over long periods of time did 
not mcrease the susceptibility of the animals to the effect of the drug 
Actions on the nenous system Paralysing doses of benzimidazole did not exert 
any effect on peripheral nerves and did not affect transrmssion at the neuro- 
muscular junction Although full doses of benzimidazole did not cause loss of 
consciousness and did not affect the electroencephalographic patterns, the drug 
did elevate the thresholds for evoked cortical potentials and seizures The loss 
of the postural reactions and the ascendmg type of paralysis are not mcompatible 
with a depressant action of the drug on the midbram and lymal cord (49) During 
paralysis the deep reflexes were exaggerated and clonus was sometimes present 
The specific structure in the central nervous system on which this depressant 
action IS exerted may well be the mtemeurons This view' is supported by the 
finding that benzinudazole has a depressant action on multmeuron reflexes m the 
spinal cord, such as the flexoi or crossed extensor reflexes, but has little effect on 
the knee jerk which is mediated by a tw'o-neuron arc (53) The transient emesis 
sometimes observed after mtravenous admmistration of benzimidazole may be 
due to a depressant action on inhibitory mtemeurons of the vomitmg center 
The effect of benzimidazole m animals m which various ablations were earned 
out IS of mterest In acute decerebrated cats, benzumdazole caused a disappear- 
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The site of action The site of action of dithiobiuret is m the central nervmis 
system Faradic stimiilation of motor nerves elicited muscular contraction m 
paralysed animals The fact that strychnine failed to induce convulsions in para- 
lysed animals suggests that dithiobiuret possesses a selective depressant action on 
the spinal cord (2) Altschul (1) did not observe any changes m the electroen- 
cephalograms of animals tested after acute or prolonged administration of dithio- 
biuret 

The cndtconviihani action In rats, dithiobiuret raised the threshold to electn- 
cally induced convulsions and modified the form of convulsions While normal 
animals showed tonic-clomc seizures, ammals under the influence of dithiobiuret 
showed seizures of sustained tonic character followed by only minimal clonic 
movement (1) These observations are rather interesting in view of the findings 
of Toman el al (121) who have shown that anticonvulsant drugs as a rule abolish 
the extensor tome component of the maximal seizure pattern m doses which do 
not influence or even prolong the clonic phase Dithiobiuret, therefore, appears to 
possess a quahtatively different anticonvulsant action However, the anticon- 
vulsant effect of dithiobiuret was well marked only in animals which were para- 
lysed (1) 

The mode of adton Histological examination of the central nervous system of 
ammals paralysed wth dithiobiuret did not disclose any structural damage 
The acetylcholme and chohnesterase content of brains of paralysed rata was 
normal Paralysis could not be counteracted by the administration of pilocarpine, 
neostigmine, atropine or epinephrine or by large doses of crude liver extract, 
thiamine, nicotimc acid, vitamin A, biotm, brewer's yeast or biuret (2) Astwood 
et al (2) beheve that dithiobiuret mterferes mth a hitherto unrecognized proc- 
ess essential to the transmission of impulses in the central nervous system, by 
blockmg a component of some enzyme system 

BENZIMIDAZOLE 

Goodman, Gilman and Hart (51, 49) m 2943 made the interesting observation 
that the simple chemical compound benzimidazole caused transient paralysis in 
various species of laboratory animals 

The paralysing action An intrapentoneal injection of benzimidazole to mice 
or cats in doses of 200 to 300 mg per kg caused a profound decrease of muscle 
tone and loss of postural reflexes After administration of the drug, the hind 
legs became affected first, the trunk and foreleg muscles next and the neck mus- 
culature was the last to show the effect of the drug Large doses of the drug caused 
complete muscular paralysis which appeared m the order mentioned During 
paralysis respiration remained adequate and was sometimes increased durmg the 
jmtial phase of action of the compound 
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Dunng paralysis, comeal and pupillaiy reflexes ere normal and deep reflexes 
normal or exaggerated Theie nas little response to painful stimuli, but the im- 
pairment was probably secondary to the spinal cord deficit, since veiy painful 
stimuli caused dilatation of the pupil 

Paralysis lasted for about one hour and isas followed by giadual recovery of 
muscular pow er Recovery as a rule w as complete about 4 hours after admmistra- 
tion of the drug Paralysis was not preceded by excitation and was not accom- 
panied by a loss of consciousness These observations indicate that benzimidazole 
can produce selectu e cord paral3'ai3 m doses which do not cause anesthesia 
Effect on vital functions and toxicity Electrocardiographic studies showed that 
the heart was uninfluenced bj' larger doses of benzimidazole The fall of blood 
pressure observed after rapid intravenous mjection of the compound may have 
been due to vasodilatation 

Respiration remained adequate and the animals continued to breathe spon- 
taneously even dunng complete paralysis of all voluntary muscles Death from 
toxic doses w as due to respiratory paralysis In mice and probably also in other 
animals the mean lethal dose was more than twice as large as the mean paralys- 
mg dose Benzimidazole, therefore, possessed an adequate margin of safety 
Chronic administration of benzimidazole for many weeks to rats and mice m 
doses which did not affect voluntary movements, did not mfluence the growth, 
behaviour or general appearance of the animals No gross changes were observed 
m any organs after the animals were sacnficed 
Benzimidazole has been effectively admimstered by the intravenous, intra- 
pentoneal, subcutaneous, and oral routes The compound is apparently well 
absorbed Data concermng the fate of the compound m the body are not avail- 
able It appears probable that it is rapidlj' mactivated in the body as cumulative 
toxicity did not develop Admimstration continued over long periods of tune did 
not increase the susceptibility of the animals to the effect of the drug 
Actions on the nerious system Paralysing doses of benzimidazole did not exert 
any effect on peripheral nerves and did not affect transmission at the neuro- 
muscular junction Although full doses of benzimidazole did not cause loss of 
conscious n ess and did not affect the electroencephalographic patterns, the drug 
did elevate the thresholds for evoked cortical potentials and seizures The loss 
of the postural reactions and the ascending type of paralysis are not mcompatible 
with a depressant action of the drug on the midbram and i“'mal cord (49) Durmg 
paralysis the deep reflexes were exaggerated and clonus was sometimes present 
The specific structure m the central nen’ous system on which this depressant 
action IS exerted may well be the intemeurons This view' is supported by the 
finding that be n z imi dazole has a depressant action on multineuron reflexes m the 
spinal cord, such as the flexoi or crossed extensor reflexes, but hna bttle effect on 
the knee jerk which is mediated by a tw'o-neuron arc (53) The transient empsis 
sometimes observed after intravenous admimstration of benzimidazole may be 
due to a depressant action on inhibitory mtemeurons of the vonuting center 
The effect of benzumdazole m a nim als m which various ablations were earned 
out is of mterest In acute decerebrated cats, benzimidazole caused a disappear- 
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The site of action The site of action of dithiobiuret is m the central nervous 
Byslem Faradic stimulation of motor nerves elicited muscular contraction in 
paralj'sed animals The fact that strychnine failed to induce convulsions m para- 
lysed animals suggests that dithiobiuret possesses a selective depressant action oo 
the spinal cord (2) Altschul (1) did not observe any changes in the electroen- 
cephalograms of animals tested after acute or prolong administration of dithio- 
biuret 

The anltconvidsani action In rats, dithiobiuret raised the threshold to electn- 
cally induced convulsions and modified the form of convulsions While normal 
animals showed tonic-clomc seizures, animals under the influence of dithiobiuret 
shoved seizures of sustained tome character followed by only minimal clonic 
movement (1) These observations are rather interesting m view of the finding 
of Toman ei al (121) who have shown that anticonvulsant drugs as a rule abolish 
the extensor tome component of the maximal seizure pattern in doses which do 
not influence or even prolong the clonic phase Dithiobiuret, therefore, appears to 
possess a quahtatively different anticonvulsant action However, the anticon- 
vulsant effect of dithiobiuret was well marked only m animals which were para- 
lysed (I) 

The mode of action Histological examination of the central nervous system of 
anunals paralysed with dithiobiuret did not disclose any structural damage. 
The acetylcholine and chohnesterase content of brains of paralysed rats was 
normal Paralysis could not bo counteracted by the admimstration of pilocarpine, 
neostigmine, atropme or epinephrine or by large doses of crude liver extract, 
thiamine, nicotinic acid, vitamin A, biotin, brewer’s yeast or biuret (2) Astwood 
et al (2) beheve that dithiobiuret interferes wth a hitherto unrecogmzed proc- 
ess essential to the transmission of impulses in the central nervous system, by 
blocking a component of some enzyme system 

nENZIMIDAZOI.E 

Goodman, Gilman and Hart (51, 49) in 1943 made the interesting observation 
that the simple chemical compound benzunidazole caused transient paralysis m 
various species of laboratory anunals. 

The paralysing action An mtrapentoneal mjection of benzimidazole to mice 
or cats in doses of 200 to 300 mg per kg caused a profound decrease of muscle 
tone and loss of postural reflexes After administration of the drug, the hind 
legs became affected first, the trunk and foreleg muscles next and the neck mus- 
culature was the last to show the effect of the drug Large doses of the drug caused 
complete muscular paralysis which appeared in the order mentioned During 
paralysis respiration remained adequate and was sometimes increased during the 
mitial phase of action of the compound 
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The mode of aciion The mode of action of benzimidazole is not known It ap- 
pears probable that benzimidazole blocks an essential metabolite or enzyme 
necessary for the propagation of impulses through the mtemeurons The action 
of benzimidazole is m some respects similar to that of myanesin and glyketal and 
it appears possible that all three drugs have a similar mode of action Benzimi- 
dazole, however, differs from myanesm m affectmg cortical mechamsms to a 
lesser extent (H8a) 

Related compounds Goodman (49) examined a number of congeners of benzimi- 
dazole, including the methyl, phenyl and dibenzimidazole derivatives. None ap- 
proached benzimidazole in potency and deviations from the parent structure re- 
sulted m loss of the characteristic pharmacodynamic properties 

ITYANESIN AND OTHER GLYCEROL ETHERS 

Gilbert andDescomps (47) in 1910 observed that 3-phenoxypropane-l ,2-diol 
caused transient paralysis of skeletal muscles in gmnea pigs and rabbits They 
also noted the antipyretic and local anesthetic properties of this substance and 
recommended its use m humans as an analgesic and antipyretic It became com- 
mercially a\ ailable under the name of Antodyne (44) The findings of the French 
authors were soon confirmed and amplified by Fihppi and Rodoheo (42) Berger 
and Bradley (16) examined the pharmacological properties of numerous simple 
mono ethers of glycerol and found that most of these compoimds had a quahta- 
tively similar action Myanesin, 3-(2'-methylphenoxy) propane-1, 2-diol, one of 
the more potent compounds of the senes, has smee been the subject of numerous 
pharmacological and chmeal studies and has been made commercially available 
under vanous names (Lassephen, Oramxon, Tolserol and Toloxyn m the Umted 
States, Myanesm m Great Bntain and the Bntish Commonwealth, Relaxar m 
France (77) and Glycresm in northern Europe (22)) 

Short reviews on myanesm have been published (130, 40) 

0— CHi— CHOH— CHjOH 
CH, 

V 

Flo 4 Structural formula of myanesin 

Physical and chemical properties Myanesm is a white, crystaUme sohd, and 
has a melting point of 70-71°C It is odorless, has a bitter taste and produces a 
sensation of numbness on the tongue Solubihty m water at 20°C is 1 m 85, 
m 10 per cent urethane solution, 1 m 40, and m 25 per cent urethane solution, 
1 in 4 5 It is very soluble m ethj 1 alcohol, propylene glycol and aqueous solutions 
of urea and ethyl urea Relatively stable supersaturated aqueous solutions nnn 
be obtained by cooling solutions prepared at higher temperatures Solutions of 
the drug are stable and can be stenhzed by heating, and are compatible and misci- 
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once of extensor ngidity and of tonjc neck and labynntbne reflexes In acute 
decorticate or hypothalamic preparations, sham rage was abolished and, in spinal 
cats, responses to nociceptive stimuli disappeared but myotatic reflexes were 
enhanced (49, 52) The spastic syndrome in a monkey with bilateral resection of 
cortical area 6 as well as bilateral removal of the caudate nucleus was improved 
by benzimidazole (51) 

The anliconvulsani aclion The effects of benzimidazole could be antagonized 
by mkethamide (52) and metrazol (49) Benzimidazole also decreased the inci- 
dence and seventy of metrazol convulsions in mice In animals m which multi- 
neuron reflexes have been depressed by benzimidazole, metrazol was less effective 
than mkethamide in antagonizing these effects on the cord (119) Benzimida- 
zole possessed a powerful antagonistic effect to convulsions and death produced 
by strychnine and was m this respect at least equal and probably supenor to 
myanesin (7) 

Benzimidazole abolished the extensoi tome component of maximal electro- 
shock seizures in rabbits, cats and rats (120) It shaied this property with clmi- 
cally effective antiepileptic drugs such as cbphenylhydantoin and phenobarbital, 
but was considerably less specific in its action 

The dturelic aclton Rats given daily doses of benzimidazole 200 mg per kg 
mtrapentoneally exhibited marked polydipsia and polyuna Polyuna was de- 
tectable after 3 days and persisted as long as benzimidazole was administered 
Despite a 10 to 20 fold increase in urinary volume, young rats continued to grow 
and maintained chloride balance There were no histopathologic changes m the 
hypothalamus, posterior pituitary, kidneys or other organs Polyuna was not 
influenced by large doses of posterior pituitary hormone and was probably due 
to a specific inhibition of renal tubular reabsorption of water (52) 

Other -pharmacological properties Benzimidazole was devoid of local anesthetic 
action It had no spasmolytic effect on smooth muscle (49) Wooley (134a) found 
that benzimidazole in concentrations of 600 micrograms per cc of medium com- 
pletely mhibited the growth of Saccharomyces cerevistae Half maximum inhibition 
of growth with this orgamsm, E colt and S lactis R was obtained with concen- 
trations of 300 micrograms per cc , 370 micrograms per cc and 725 micrograms 
per cc , respectively Adenine (1000 micrograms per cc ) and guanine reversed 
inhibition but other punnes had little or no effect The paralyzmg action of ben- 
zimidazole was not prevented by adenine 

Chmcal use Goodman (49) suggested that benzimidazole, because of its effect 
on skeletal muscle tone and its anticonvulsant action, may be of value in the 
treatment of spastic and convulsant disorders He also considered the use of the 
drug as a supplemental agent in general anesthesia to increase muscular relaxa- 
tion As benzimidazole is readily soluble m water, it may be more suitable for 
this purpose than the relatively insoluble myanesin Benzimidazole given intra- 
venously in small dosage to a spastic patient caused a decrease of muscle tone, 
some nausea and evidence of early intercostal involvement (50) In another pa- 
tient suffenng from Lattle’s disease temporary relaxation of skeletal muscle spasm 
was observed (52) 
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animals Thus the mean paralysing doses for mice, rats, rabbits and dogs on m- 
travenous administration were approximately 150, 110, 50 and 30 mg per kg, 
respectively This i elation between the size of the dose and size of the animal 
species 13 not unusual and holds true for many drugs 
After rapid intravenous injection of myanesm to rabbits, transient ngidity was 
sometimes observed (9, 28) The ngichty was similar to that observed after de- 
cerebration and was probably caused by a “pharmacological transection” due 
to the depressant action of the drug on certain structures of the midbram and not 
by a direct action on skeletal muscle The ngichty was transient and was followed 
by complete flaccid paralysis 

Gumea pigs appeared somewhat less sensitive to the paralysmg effect of 
myanesm than other species and fiequently showed salivation, dyspnoea and 
ruffled fur following administration of the drug (7) 

TABLE 1 


Mean paralysing (PDa) and mean lethal doses (LDd) in mice and rats after administration 

of myanesm by various routes 


XOOTE 


^XCX 

ZATS 

Intravenous 

PDia mg/kg 

150 ± 6 

113 ± 10 


LDij mg/kg 

322 ± a 

195 ± 10 

Intrapentoneal 

PDm mg/kg 

178 ± 9 

120 da 10 


LDia mg/kg 

610 ± 10 

430 Ik 18 

Subcutaneous 

PDio mg/kg 
LD.o mg/kg 

325 d= 20 

1000 db 66 


Oral 

PDso mg/kg 
LDio mg/kg 


1330 ± 80 

2150 ± 148 


In frogs (R iemporana) flaccid paral 3 'sis and cessation of respiration were 
obtamed after 3 to 10 mg of myanesm mjccted mto the antenor l 3 rmph sac In 
frogs myanesm also caused a loss of indirect excitability of the muscle (curare- 
like action) m doses which caused reversible paralysis In this respect the action 
of the drug m frogs differed from that in mammals m which loss of mdirect ex- 
citabihty of muscle after tolerated doses of myanesm was not observed (16) 

The mjection of myanesm mto the cavity of marme bivalves caused prompt 
relaxation of the constnctor muscle and openmg of the shell (7) 

Acute toxicily Death from toxic doses was due to respiratory paralysis The 
heart contmued beatmg for a short time after respiration had ceased Table 1 
gives the mean paralysmg and mean lethal doses obtamed after administration 
of myanesm by various routes to mice and rats It shows that there is an adequate 
margm of safety betiveen paralysing and lethal doses of the drug The standard 
safety maigm of myanesm calculated according to Foster (43) after intra- 
pentoneal administration to mice was 113 per cent 
Post mortem ex amina tions earned out in animnla dymg after large doses of 
myanesm showed moderate engorgement of the hver and spleen, subpleural 
hemorrhages m the lungs and distention of the nght auncle wnth blood (7) 
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ble With solutions of sodium chlonde, glucose, barbiturates and thiobarbiturates 
(16, 17) 

A solution of 0 01 g of myanesm in 10 drops of concentrated sulphuric acid is 
sbghtlv red, on addition of a drop of formaldehyde solution a deep red color ap- 
pears (93) 

The -paralysmg action Small doses of antodyne or myanesm caused reduction of 
spontaneous activity and a decrease m muscle tone Larger doses produced ataxia, 
flaccid paralysis and loss of the righting reflex Muscular paralysis was always 
of the ascending type The postenor limbs and the lower half of the body were 
affected first and remained paralysed longer than the antenor limbs and neck 
muscles (42, 16) Respiration was not embarrassed even during complete paraly- 
sis of skeletal muscles Dunng the imtial phase of the drug action, respiration was 
sometimes increased in depth and rate Paralysis was neither preceded nor 
followed by excitation or convulsions and was followed by complete recovery of 
muscular power 

Paralysis occurred within 2 mmutes after administration of the drug The depth 
and duration of paralysis depended on the amount of drug given In mice after 
mtiapentoneal administration of 250 mg of myanesm per kg, the righting reflex 
was lost for about 25 mmutes During paralysis the ammals remamed motionless 
and did not execute running movement usually observed after admimstration of 
small doses of barbiturates or othei anesthetics The animals were completely 
limp and lacked righting reflexes They reacted with powerful and sustained 
muscular contractions to painful stunuli The pupillary and corneal reflexes and 
the knee jerk were unchanged There was no change m the size of the pupils. 

Dunng the peak of paralysis after large doses of the drug, the comeal reflex was 
lost, the pupils were somewhat dilated and reacted sluggishly to light Nystagmus 
was observed for short penods of time dunng the peak of the drug action There 
was some dilatation of the pupil in response to nociceptive stimuli but the with- 
drawal reflex was abolished Large doses of myanesm caused sahvation m rabbits 
and cats but vomiting was not observed 

Recovery from paralysis was usually rapid There was some mcoordination 
of movements for about one hour after muscular power was regained Burke 
and Linegar (28) observed nausea and vomiting dunng recovery from paralysis 
m dogs 

Route of administration Myanesm could be effectively admimstered to animals 
by the intravenous, mtiapentoneal, intramuscular, subcutaneous, rectal and 
oral routes The amount of drug producmg paralysis vaned greatly with the route 
of administration (Table 1) On intravenous administration, the effect obtained 
vaned greatly xvith the speed of injection In rabbits the largest tolerated dose on 
rapid injection was about 100 mg per kg whereas as much as 350 mg per kg could 
be tolerated if the injection was earned out very slowly (16) 

Species sensitwity Myanesm produces paralysis m most species of laboratory 
animals When the amount of drug required for the production of paralysis was 
expressed m mg per kg body weight, smaller doses of myanesm were required for 
the production of paralysis m species of large annuals than m species of small 
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animals Thus the mean paralysing doses for mice, rats, rabbits and dogs on m- 
travenous administration were approximately 150, 110, 50 and 30 mg per kg, 
respectively This i elation between the size of the dose and size of the animal 
species 13 not unusual and hold^ true for many drugs 
After rapid mtravenous injection of myanesin to rabbits, transient ngidity was 
sometimes observed (9, 28) The rigidity i^as similar to that observed after de- 
cerebration and was probably caused by a “pharmacological transection” due 
to the depressant action of the drug on certain structures of the midbram and not 
by a direct action on skeletal muscle The rigidity was transient and was followed 
by complete flaccid paralysis 

Gumea pigs appeared somewhat less sensitive to the paralysmg effect of 
myanesm than other species and fiequently showed salivation, dyspnoea and 
ruflSed fur followmg administration of the drug (7) 

TABLE 1 


Mean paralysing {PDn) and mean lethal doses (LDto) in mice and rats after administration 

of myanesin by various routes 


XOUTZ 



XA13 

latravanowi 

PDio mg/kg 

150 ± 6 

113 ± 10 


LDu mg/kg 

322 ± 11 

195 ± 10 

Intrapentoneal 

PDjo mg/kg 

178 ± 9 

120 ± 10 


LDm mg/kg 

610 ± 10 

430 ± 18 

Subcutaneous 

1 

PD»o nig/kg 
LD^o mgAg 

325 ± 20 

1000 ± 56 


Oral 

PDs» mg/kg 
LDio mg/kg 


1330 ± 80 

2150 ± 148 


In frogs (R (emporana) flaccid paralysis and cessation of respiration were 
obtamed after 3 to 10 mg of myanesin injected mto the antenor lymph sac In 
frogs myanesm also caused a loss of mdirect excitability of the muscle (curare- 
hke action) m doses which caused reversible paralysis In this respect the action 
of the drug m frogs differed from that m mammals in which loss of mdirect ex- 
citabihty of muscle after tolerated doses of myanesm was not observed (16) 

The mjection of myanesm mto the cavity of manne bivalves caused prompt 
relaxation of the constrictor muscle and openmg of the shell (7) 

Acvle loxiaty Death from touc doses was due to respiratory paralysis The 
heart contmued beatmg for a short tune after respiration had ceased Table 1 
gives the mean paralysmg and mean lethal doses obtamed after administration 
of myanesm by various routes to mice and rats It shows that there is an adequate 
margm of safety between paralysmg and lethal doses of the drug The standard 
safety margm of myanesm calculated accordmg to Foster (43) after mtra- 
pentoneal administration to mice was 113 per cent 
Post mortem e xamina tions earned out m nTiimnIa dymg after large doses of 
myanesm showed moderate engorgement of the hver and spleen, subpleural 
hemorrhages m the lungs and distention of the nght auncle with blood (7) 
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ble With solutions of sodium chloride, glucose, barbiturates and thiobarbiturates 
(16, 17) 

A solution of 0 01 g of myanesin m 10 drops of concentrated sulphunc acid a 
slightly red, on addition of a drop of formaldehyde solution a deep red color ap- 
pears (93) 

The paralysing aciwn Small doses of antodyne or myanesin caused reduction of 
spontaneous activity and a decrease in muscle tone Larger doses produced ataxia, 
flaccid paralysis and loss of the righting reflex Muscular paralysis was always 
of the ascending type The postenor limbs and the lower half of the body were 
affected first and remained paralysed longer than the anterior limbs and neck 
muscles (42, 16) Respiration was not embarrassed even during complete paraly- 
sis of skeletal muscles Dunng the initial phase of the drug action, respiration was 
sometimes mcreased m depth and rate Paralysis was neither preceded nor 
followed by axcitation or convulsions and was followed by complete recovery of 
muscular power 

Paralysis occurred withm 2 mmutes after administration of the drug The depth 
and duration of paralysis depended on the amount of drug given In mice after 
intrapentonea! administration of 250 mg of myanesin per kg, the nghtmg reflex 
was lost for about 25 minutes Dunng paralysis the aiumals remained motionless 
and did not execute running movement usually observed after admimstration of 
small doses of baibiturates or othei anesthetics The animals were completely 
hmp and lacked nghtmg reflexes They reacted with powerful and sustained 
muscular contractions to painful stimuli The pupillary and comeal reflexes and 
the knee jerk were unchanged There was no change in the size of the pupils. 

Dunng the peak of paralysis after large doses of the drug, the comeal reflex was 
lost, the pupils were somewhat dilated and reacted sluggishly to light Nystagmus 
was observed for short penods of time dunng the peak of the drug action There 
was some dilatation of the pupil m response to nociceptive stimuli but the with- 
drawal reflex was abolished Large doses of myanesin caused sahvation in rabbits 
and cats but vomiting was not observed 

Recovery from paralysis was usually rapid There was some incoordination 
of movements for about one hour after muscular power was regained Burke 
and Lmegar (28) observed nausea and vomiting durmg recovery from paralysis 
m dogs 

Roule of admtmstralwn Myanesin could be effectively admimstered to animals 
by the intravenous, intraperitoneal, intramuscular, subcutaneous, rectal and 
oral routes The amount of drug producing paralysis vaned greatly with the route 
of administration (Table 1) On mtravenous administration, the effect obtained 
vaned greatly wth the speed of injection In rabbits the largest tolerated dose on 
rapid injection was about 100 mg per kg whereas as much as 350 mg per kg could 
be tolerated if the injection was earned out very slowly (16) 

Species smsiltvtiy Myanesin produces paralysis m most species of laboratoiy 
animals When the amount of drug required for the production of paralysis was 
expressed m mg per kg body xveight, smaller doses of myanesin were required for 
the production of paralysis m species of large animals than m species of small 
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Myanesin injected intravenously to anesthetized rabbits or cats did not cause 
any alteration of blood pressure or respiration in doses of 10 mg per kg Larger 
doses caused a transient fall of blood pressure, bradycardia and a decrease in 
rate and increase in depth of the respiratoiy movements A nse of blood pressure 
after myanesin was never observed (16) Oostende (99) found m dogs that my- 
anesin m doses which produced relaxation of abdominal muscles (15 mg per kg)- 
did not depress the blood pressure or respiration and did not influence the homeo- 
static mechamsm of blood pressure regulation Larger doses caused a small and 
transient fall of blood pressure and shght inhibition of respiration but left the 
homeostatic mechanisms umnfluenced. 

The blood pressure responses to epmephnne, acetylchohne and histamine were 
not altered even after large doses of myanesm Myanesm did not influence the 
depressor effect and slowing of the heart produced by stimulation of the penph- 
eral vagus nerve (7) 

Action on the muscle Myanesm m concentrations of 1 in 500 produced a slow 
contracture of the isolated rectus abdominis of the frog (R temporana) Higher 
dilutions of the drug were ineffective (9) 

Contractures produced m the isolated rectus abdommis muscle of the frog by 
acetylchohne could not be prevented by myanesin m high dilutions (9) 
Myanesm injected mtravenously to cats m doses of 10 to 30 mg per kg did 
not cause any change m the muscle action potential of the tibiahs anticus muscle 
Doses of 50 mg per kg depressed and 70 mg per kg abohshed the muscle action 
potentials (117) 

The myoneural junction Intravenous admimstration of myanesm m doses of 
50 mg per kg to chloralosed or decerebrated cats did not influence the indirect 
excitabihty of the gastrocnenuus muscle In mice after very large doses of the 
order of 500 mg per kg there was no response to mdirect stimulation but the 
threshold to direct stimulation was unchanged (9) This effect may have been 
due to either a depression of neuromuscular transmission or to direct action on 
the nerve (local anesthetic action) Because mdirect excitabihty was not abohshed 
after systemic admimstration of large doses of cocame and procame, it appears 
likely that myanesm m very large doses may produce a block at the myoneural 
junction This curare-hke effect, however, does not play imy part m the produc- 
tion of reversible muscular paralysis m mammals because under such conditions 
paralysis to mdirect stimulation is never observed 

The local anesthetic action The local anesthetic activity of myanesm was similar 
to that of procame when the rabbit’s cornea or the motor or sensory nerves of the 
frog were used as test objects ^Vhen exanuned by the mtracutaneous wheal 
method m gumea pigs, myanesm had only about two-thirds of the activity of 
procame (9) As procame does not produce paralysis on systenuc administration, 
it appears unhkely that the paralysant action of myanesm would be due to its 
local action on the penpheral nerves The opmion that the local anesthetic effect 
and the paralysmg action are mdependent properties of the drug is further sup- 
ported by the observation that the paralysmg drug, benzimidazole, does not 
possess any local anesthetic action 
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Chronic ioxiciiy Young growing rats fed for 9 ^eeks on a diet containing 3 
per cent of myanesm did not gain weight aa rapidly as the controls which were 
litter mates This may have been due to lower food consumption, possibly be- 
cause of the unpaJatibihty of the drug-containing diet On post mortem axaini- 
nation, six out of 20 treated rats showed calcuh m the bladder Other organs did 
not show any macroscopical or microscopical changes (16) 

In another chronic toxicity expenment (18), six young Wistar rata weighing 
100 to 140 grams received a diet containing 2 per cent of myanesm while six other 
animals of similar weight and age served as controls Each animal on the my- 
anesm-containmg diet consumed on the average 0 28 gram myanesm per day 
The health of all animals was excellent throughout the penod of the expenment 
During the duration of the expenment, the urme was examined daily for ab- 
normal constituents and the urea contents of the unne of each animal was esti- 
mated at frequent mtervals 

One rat receiving the myanesin-contammg diet passed dark broira unne from 
the 7th to the 13th and again from the 36th to the 55th day of the expenment. 
The unne contained protein but gave negative tests for blood and bile pigments. 
Another myanesm-fed animal passed discolored unne from the 30th to the 34th 
day This unne did not contain protem, blood or bile The unnes of the remaining 
four test animals and of the six control rats did not contam abnormal constituents 
at any time dunng the course of the expenment 

The urea output vaned greatly from day to day in both test and control ani- 
mals, but on any one day the values of the controls were always close to those 
of the test animals. The animals receivmg myanesm usually had a somewhat 
lower urea output and unne volume than the controls but the differences between 
the control and test values on any one day were smaller than the day-to-day 
vanations of either the test or control animals On the 78th and 160th day of the 
experiments, the red and white cells of all rats were counted and the hemoglobm 
content detennmed The counts of the test animals did not differ sigmficantly 
from those of the controls and were within the normal limits occurring m Wistar 
rats On the 55th day of the expenment, three animals were killed, one control 
rat, one rat which was on the myanesm diet but did not show any symptoms, and 
the ammal (No 1) which showed dark unne and protemuna on two occasions. 
All three animals were in good general health and there were no pathological 
findings found at post mortem examination No organs, with the exception of the 
kidneys, showed histological changes The only abnonnahty found was an m- 
crease of vacuolation of the glomeruli, which was somewhat more marked m rat 
No 1 (which had proteinuria and dark unne) than m the rat which tolerated the 
myanesm-contaimng diet without symptoms Similar abnonnalities were present 
m the kidneys of ammals which were on the dnig-contammg diet for 164 da}^ 

Effect on the cardiovascular system and respiration Antodyne m doses of 100 
to 400 mg per kg given mtravenously to rabbits caused elevation of blood pres- 
sure and bradycardia. After larger doses, the nse of blood pressure was later 
followed by a fall At the time of onset of paralysis, the blood pressure was usually 
elevated above the ongmal value (42). 
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anesthetized cats m which a\aggerated knee jerks and tremors were produced by 
the administration of strychnine, myanesin in small doses abohshed the tremor 
and reduced the knee jerk to its usual size (9) Myanesm also reduced to nor- 
mal the hypenmtable spinal reflexes produced in monkeys by the injection of 
neostigmine or strychmne, but did not have any effect on normal reflexes (73) 

Stephen and Chandy (117) examined the effect of myanesm on contralateral 
transmission through the spinal cord IVhen they stunulated one sciatic nerve 
and recorded the nerve action potentials from the other sciatic nerve, no changes 
from the normal were observed after mjections of 40 mg per kg of myanesin 
These findings are m disagreement with the results obtamed by the reviewer who 
observed suppression of the crossed extensor reflex m both mtact anesthetized 
and spmal cats after sinular and even smaller doses of myanesin 

Effect on foalttatory and inhitniory syslerns The loss of postural reflexes, the 
occurrence of nystagmus, and certain climcal observations m humans show that 
myanesm possesses a defimte action on the basal ganglia and nuclei of the bram 
stem This action was expenmentally investigated by Henneman ei al (63) 
Working with cats, they found that the reduction of the knee jerk observed after 
stimulation of the suppressor centers m the reticular formation could be counter- 
acted by the adimnistration of myanesin On the other hand, the increased knee 
jerk obtained after stimulation of the facihtatory centers of the reticular forma^ 
tion could be reduced by the admmistration of myanesm to the size present be- 
fore stimulation Thus, it appears that myanesm can counteract impulses ong- 
mating in both the suppressor and excitatory nuclei of the reticular formation 
These effects W'ere obtamed with small doses of myanesm which did not cause 
paralysis 

Inhibition and facilitation of the knee jerk resultmg from cortical stmiulation 
were abohshed mth still smaller doses of myanesm This observation suggests 
that longer and more complex circmts, such as are usually mvolved m spasticity, 
are more vulnerable to myanesm Purely spmal facihtatory and inhibitory re- 
flex arcs examined m decapitate preparations were similarly influenced From 
this type of evidence, and from electrical studies of segmental spmal reflexes, it 
appears that myanesm reheves spasticity by reducing tome extrapyramidal fac h- 
tation of stretch reflexes, whatever its source Because facihtation dominates m- 
hibition m spasticity, it is presumably more affected by the drug (63) 

Effects on cortical function Electroencephalographic studies m humans did 
not show any evidence of significant alteration m the electneal activity of the 
cortex after large intravenous doses of myanesm (117, 46) In certain cases which 
showed mcreased nervous tension, there was an increase m normal alpha rhythm 
after myanesm but slow waves were not observed Abnormal waves recorded 
from the base of the bram disappeared after myanesm (117) Everett and Toman 
(50) found defimte electroencephalographic changes of the sleep type with my- 
anesm but not with benzimidazole when doses were employed which just pro- 
duced spmal cord effects 

Finkehnan and Dobm (42b) stimulated the cortex of cats by apphcation of 
stiychnme and recorded potentials from the cortex and the pyramids After 
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Effect on the penpheral nerve Mj’anesm m doses of 30 mg per kg intravenously 
did not influence the nerve action potentials, the neuromuscular conduction tune, 
or the nerve conduction velocity m cats Mter doses of 50 mg per kg, there was 
marked depression of the nerve action potentials, and a definite prolongation of 
the nerve-muscle transmission time and the nervre conduction time (117) The 
rheobase, chronaxie, galvanic tetanus ratio and lepetitive stimuli ratios were 
unchanged even after the admmistiation of tosic doses (42a) 



Fio 6 The effect of myanesm on indirect excitability of skeletal muscle, the flexor 
reflex and the knee jerk Cat 2 89 kg Dial anesthesia 

Tracings from above downwards 1) Stimulation of the carpal flexor muscles of the front 
leg through its nerve, 2) Tho flexor reflex, 3) The knee jerk, 4) Signal line and 5) Time in 
10 second intervals At the signal myanesin 40 mg injected intravenously 


Effect on spinal reflexes Myanesin had no effect on the normal Icnee jerk of cats 
and rabbits m doses which caused muscular relaxation and paralysis The flexor 
and crossed extensor reflexes were depressed or abolished after small, non- 
paralysmg doses of the drug This effect is illustrated m Figuie 5 which also 
shows the lack of curare-hke action of myanesin The depressant action of the 
drug on multmeuron reflexes taken in conjunction wth its lack of effect on two- 
neuron arc reflexes suggests that myanesin possesses a selective depressant action 
on the intemeurons of the spmal cord An equal degree of depression of the flexor 
reflex m an anesthetized cat weighing about 3 kg was obtained after intravenous 
rejections of 30 mg benzimidazole, 40 mg myanesin or 25 mg glyketal (7) 
Myanesm had a marked effect on exaggerated tendon reflexes In lightly 
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anesthetized cats m ^shich e.\aggerated knee jerks and tremors were produced bj 
the administration of strychnine, myanesin m small doses abohshed the tremor 
and reduced the knee jerk to its usual size (9) Myanesin also reduced to nor- 
mal the hypenrntable spinal reflexes produced m monkeys by the mjection of 
neostigmme or stiychmne, but did not have any effect on normal reflexes (73) 
Stephen and Chandy (117) examined the effect of myanesin on contralateral 
transmission through the spinal cord When they stimulated one sciatic nerve 
and recorded the nerve action potentials from the other sciatic nerve, no changes 
from the normal were observed after mjections of 40 mg per kg of myanesin 
These findmgs are m disagreement with the results obtamed by the reviewer who 
observed suppression of the crossed extensor reflex m both mtact anesthetized 
and spinal cats after similar and even smaller doses of myanesin 

Effect on facililatory and inhibitory systems The loss of postural reflexes, the 
occurrence of nystagmus, and certain climcal observations m humans show that 
myanesin possesses a defimte action on the basal gangha and nuclei of the bram 
stem This action was experimentally investigated by Henneman et al (63) 
Workmg with cats, they found that the reduction of the knee jerk observed after 
stimulaticn of the suppressor centers m the reticular foimation could be counter- 
acted by the administration of myanesin On the other hand, the increased knee 
jerk obtamed after stimulation of the facihtatory centers of the reticular format 
tion could be reduced by the admimstration of myanesm to the size present be- 
fore stimulation Thus, it appears that myanesm can counteract impulses ong- 
matmg in both the suppressor and excitatory nucla of the reticular formation 
These effects were obtamed with small doses of myanesm which did not cause 
paralysis 

Inhibition and facihtation of the knee jerk resultmg from cortical stimulation 
were abohshed with still smaller doses of myanesm This observation suggests 
that longer and more complex circuits, such as are usually mvolved m spasticity, 
are more vulnerable to myanesm Purely spmal facilitatoiy and mhibitoiy re- 
flex arcs exammed m decapitate preparations were similarly mfluencecL From 
this type of evidence, and from electncal studies of segmental spinal reflexes, it 
appears that myanesm reheves spasticity by reducmg tome axtrap 3 Tamidal fac h- 
tation of stretch reflexes, whatever its source Because facihtation dominates m- 
hibition m spasticity, it is presumably more affected by the drug (63) 

Effects on cortical function Electroencephalographic studies m humans did 
not show any evidence of sigmficant alteration m the electncal activity of the 
cortex after large intravenous doses of myanesm (117, 46) In certain cases which 
showed increased nervous tension, there was an mcrease in normal alpha rhythm 
after myanesm but slow waves were not observed Abnormal waves recorded 
from the base of the bram disappeared after myanesm (117) Everett and Toman 
(50) found defimte electroencephalographic changes of the sleep type with my- 
anesm but not with benzimidazole when doses were employed which just pro- 
duced spmal cord effects 

Finkelman and Dobm (42b) stimulated the cortex of cats by apphcation of 
stryc hnin e and recorded potentials from the cortex and the pyramids After 
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myanesin, 30 mg per kg rntravenously, the cortical spikes continued but none 
could be observed at the pyranud The ^chronous movements of the extremity 
observed after application of stiychmne disappeared after administration of 
myanesin From these results it may be concluded that myanesin did not act on 
cortical cells but impeded transmission through subcortical efferent pathways. 

The anttconindsani action Launoy observed in 1910 that guinea pigs treated 
with antodyne tolerated lethal doses of strychnine ivithout ill effects (78) 
Myanesin also possessed a powerful antagonistic action to the effects of strych- 
nine On simultaneous intravenous administration, as little as one-thirtieth of 
the LDto of myanesin protected mice from a mmimal lethal dose of stiychmne 
Larger doses of strychmne could be antagomzed by proportionally larger doses 
of myanesin Myanesin antagonized both the lethal and the convulsant action 
of strychnme in small, non-paialysant doses and was, m this respect, much more 
effective than haxobarbital which possessed a protective action only in anesthetic 
doses (9) Orloff ei ol (100), using tuned intravenous infusions of strychmne, 
found myanesin more effective than tnmethadione, phenurone and phenobarbital 
m elevating the threshold for convulsions and in protectmg mice from death. 

The antagonistic action of myanesin against metrazol was relatively weak 
Large paralysmg doses of myanesin were required to prevent convulsions from 
metrazol Smaller doses of myanesin were effective in preventing death but had 
httle effect on the incidence and seventy of convulsions (8, 124) 

Myanesin effectively antagonized the central convulsant effects of hexacbloro- 
cyclohexane in dogs (37) 

Antodyne, myanesin and numerous related compounds elevated the thresh- 
old to electncally induced convulsions m rats and rabbits In this respect, 
antodyne and myanesin were about equally effective as tnmethadione (11) 
Unna ei d (124) have shown that myanesin prevented death from electroshock 
m mice and changed the pattern of the seizures The tonic flexor-extensor phase 
was abohshed and only dome convulsions were observed These were of a much 
more violent nature than m the controls The effect of myanesin m rabbits under- 
going electroshock was studied by Holt et d (68b) 

Myanesin antagonists With the possible exception of strychnine, there is no 
other drug knoivn at present which has an appreciable analeptic action m my- 
anesm paralysis The folloiving drugs did not have any appreciable effect on the 
duration of paralysis m mice epmephnne, amphetamme, atropine, mkethamide, 
ephednne, metrazol, physostigmme, picrotoxin, neostigmine, and strychnine 
The duration of paralysis m rabbits was shortened by strychmne if the drug was 
given intravenously immediately after myanesin was admimstered (8) 

Synergistic effects The simultaneous admimstration of ineffective doses of 
hexobarbital and myanesin to mice produced narcosis of 30 minutes duration 
Small doses of myanesin also mcreased the depth and duration of hexobarbital 
anesthesia and suppressed prenarcotic excitement (16) On joint admimstration 
to mice myanesin and pentobarbital produced an additive effect (128) 

The jomt action of d-tubocuranne admimstered with myanesin, as judged by 
the abihty of the animals to maintain themselves on the rotating cylmder, was 
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less effective itinn would have been expected on the basis of simple summation of 
effects When lethal doses were given, the combmed effect of d-tubocuranne and 
myanesm was potentiated (20) 

Anitpyrelic and analgesic aclion Antodyne m a large dose had a marked but 
short-lasting hypothermic action m dogs (47) In gmnea pigs made febnie by the 
mjection of sputum of tuberculous patients, antodyne m doses of 100-150 mg 
per kg caused a marked but transient fall of temperature (42) Myanesm did not 
possess any analgesic action m rats, mice and rabbits m doses insufficient to cause 
paralysis (16) 

Effect on unne flow Antodyne had a prompt but short-lastmg diuretic effect 
(42) With myanesm, a transient antidiuretic action was observed (18) In rats, 
doses of 350 mg per kg significantly reduced unne excretion for about 5 hours 
followmg administration of the drug but did not greatly influence the total 
amount of unne excreted within 20 hours 
Other properties Myanesm m dilutions of 1 in 10,000 did not affect the tonus 
and contractions of the isolated rabbit duodenum Contraction of the gmnea 
pig ileum caused by histamme or acetylehohne could be partially relaxed by 
myanesm m a dilution of 1 m 5,000 (16) 

Myanesm was unable to protect gmnea pigs from dyspnoea and death pro- 
duced by histamme or acetylehohne aerosols (7) 

It was not possible to sensitize gumea pigs to antodyne or myanesm (79a, 7) 
The repeated cutaneous application of 10 ml per kg of a 5 per cent aqueous 
solution of antodyne discolored the skm of rats but did not cause imtation (79a) 
An exposure to antodyne mist for one hour produced shght temporaiy respiratoiy 
irritation m hamsters (79a) 

Injected intravenously m rabbits, myanesm in doses of 110 mg per kg given 
on two successive days did not affect the blood sugar and blood urea levels 
This dosage was also without effect on the number of red and white cells The 
hemoglobin content of the blood was slightly lowered after mjection of the drug 
but this decrease was not sigmficant There was also a shght relative neutropema 
and lymphoc 3 dosis after administration of large doses of myanesm to rabbits 
(7) 

Myanesm in large paralysmg doses did not depress the tail response m morphi- 
mzed mice (101) This reflex is regularly depressed after small doses of d-tubo- 
curarme or (3-erythroidme 

A marked delay m the onset of ngor mortis could be obtamed m rabbits by 
the administration of 300 mg per kg of myanesm 30 mmutes before the animffi 
was sacrificed (4) 

The anlibacienal action Myanesm possessed a bactencidal action on various 
gram-positivo and gram-negative bactena in concentrations from 0 2 to 1 per 
cent The effective concentrations against Streptococcus hemolylicus, Pseudomonas 
pyocyanea and Clostridium Welchii were 0 2, 0 8 and 0 4 per cent, respectively 
The bactencidal action of myanesm was not greatly inhibited m the presence of 
10 per cent horse blood Tests for inhibition of phagoc 3 rtosi 3 , earned out by the 
techmc of Welch and Hunter (129) using artificially opsomzed staphylococci. 
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showed that myanesm was significantly less toxic to leucocytes than ivas phenol 
in concentrations of 0 2 and 0 4 per cent In higher concentrations, the toncity 
of the two compounds was similar Myanesm did not exert any chemotherapeutio 
activity m naice infected with hemolytic streptococci or Ps pyocyanea (7) 

Method of delermtnatwn Three methods for the determmation of myanesm 
m blood and body fluids have been described The method of W 3 mgaarden et al 
(136) depends upon mtration of myanesm m aqueous solution and the develop- 
ment of a strong yellow-green color on addition of sodium hydroxide Titus et oL 
(118) developed two methods of determmation one involves coupling of my- 
anesm wth diasotized 2,4-dimtroanilme, and the other a colonmetnc determina- 
tion of the formaldehyde resulting from periodate oxidation The couphng method 
18 most sensitive and permits the determination with accuracy of 2 micrograma 
per ml The smallest amount of myanesm which can be measured by the other two 
methods is about 5 micrograms per ml 

Morch (93) desenbed 2 methods suitable for the quantitative determination of 
myanesm in pharmaceutical preparation 

Metabohsm of myanesin Myanesm is quickly metabohzed to a physiologically 
mactive compound m the body Suitable extracts of the urme collected from 
rabbits or rats after large doses of myanesm did not cause paralysis in mice (16, 
18) Chemical analysis showed that, m dogs, only 0 1 to 2 per cent of the admm- 
istered dose was avereted as free myanesm (136, 118), while 32 to 42 per cent 
were excreted m conjugated form (136) 

Further studies disclosed the presence of at least two different metabohe prod- 
ucts of myanesm in the unne (54, 105) The metabolite excreted m large quanti- 
ties was identified as d-(o-toloxy)-}actic acid This compound melted at 146°C, 
was optically inactive, and had a neutral equivalent of 198 Because of its low 
toxicity, it appeared to be a true detoxification product It was pharmacologically 
mert and did not possess any paralysing myanesm-like action in doses as high as 
1200 mg per kg (105) 

The other metabolic compound appeanng m the unne after administration of 
myanesin gave a positive test uith Ehrlich’s diazo reaction (18) The diazo re- 
action observed conformed to the type B reaction of Hunter (69) The chemical 
structure of this compound has not yet been determined but it appears probable 
that it represents a further step m the degradation of myanesm Although this 
metabolite was excreted m small quantities, it was present in the urme as early 
as 15 minutes after an oral dose of myanesin (21) The reaction was given by urme 
passed up to 8 hours after a single dose of myanesm Rats fed for 2 months a 
diet containing 2 per cent of myanesm continued to excrete the metabolite for 
2 days after myanesin has been discontinued The intensity of the color m the 
unne was proportional to the amount of drug taken. 

Phenolic consiiluents in unne The excretion of phenols m ui me after large doses 
of antodyne was unchanged (42) The phenolic constituents in the unne of rats 
which had been fed a diet containing2 per cent of myanesin for 150 days were esti- 
mated by the method of Volteira (127) There was a small mnease m free vola- 
tile phenols and a very marked increase of the conjugated phenols The amount of 
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aromatic hydroxy acids and residual phenols was about twice as large in the test 
nnimnls as in the controls An aqueous solution of myanesin subjected to analysis 
by V olterra’s method was quantitatively mdicated m the residual phenol fraction 
(18) 

The nature of the conjugated phenols excreted after the administration of 
myanesm has been further investigated It was found that 59 per cent of the total 
conjugated phenols or 3 7 per cent of the total myanesm mgested was conjugated 
to glucuronic acid, and 14 4 per cent of the conjugated phenols or 0 13 per cent 
of the ingested dose of m3 anesin was excreted as a sulphuric acid conjugate (18) 

Plasmalevels Wyngaardenet al (136) correlated the plasma levels of myanesm 
with the effects observed m dogs After mtravenous administration of 50 mg 
per kg of myanesm, flaccid paralj'sis was observed with blood levels of about 5 
mg per cent Paralysis was very transient, but unsteadmess and muscular weak- 
ness persisted for about 20 mmutes Dunng this tune, the plasma levels were 2 4 
mg per cent The myanesm concentration dropped to about 0 8 mg per cent 40 
mmutes after a dminis tration of the drug No free myanesm could be detected m 
the 90-mmute plasma sample of any of the dogs 

Rate of disposition The rate at which myanesm was detoxified m rabbits was 
determmed Myanesm nas mjected mtravenously as a 10 per cent solution at a 
rate of 100 mg per mmute. The mean lethal dose was 220 mg per kg To obtain 
an mdication of the rate of detoxification, it was assumed that death of the animal 
would occur when an amount of myanesm eqmvalent to the LD59 would be 
present m the body m unchanged form The occurrence of death after mjection of 
one half of the LDjo repeated at vanous mtervals was therefore observed. The 
difference between the LDso given m one dose and the lethal dose after fractional 
doses was taken to be equal to the amount of drug detoxified durmg the penod 
of time elapsmg between the administration of the first fractional dose and the 
death of the animal When doses were given at lO-mmute mtervals, on the aver- 
age 40 per cent of the LDso (t e , 88 mg per kg) was detoxified m 21 mmutes 
Therefore, 4 2 mg per kg were detoxified each mmute The correspondmg values 
ohtamed when myanesm was given at mtervals of 15 and 20 mmutes were 3 7 
and 3 9 mg per kg per mmute, respectively Thus it appears that rabbits can 
dispose of about 4 mg myanesm per kg each mmute (7) Cats tolerated the mtra- 
venous infusion of 4 5 mg of myanesm per mmute per kg body weight for 3 or 
4 hours (16) 

Alomson et al (95) examined the rate of disposal m dogs by a more direct 
method. They mjected a priming dose of 60 mg per kg of myanesm mtravenously 
and 5 minutes later started a continuous infusion of myanesm at a rate of 1 ml 
per mmute The concentration of the drug was adjusted so as to give each animal 
either 1 or 2 mg of myanesm per kg per mmute Blood samples for determination 
of plasma concentrations were taken at 30-mmute mtervals for 2 hours durmg 
the penod of infusion and at hourly mtervals thereafter Infusion of 2 mg per kg 
per mmute resulted m mcreasmg plasma concentrations and 1 mg per kg was 
insufficient to mamtam plasma levels 

Distribution in body fluids and tissues Myanesm is widely distnbuted m the 
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body approximately according to the Avater content of each tissue A notable 
exception to this was the brain in Avhich the ratio of tissue to plasma ivas always 
more than umty and averaged about 2 The concentrations of myanesin in spinal 
fluid and saliva were consistently lower than in plasma (94, 95, 103) Data on the 
concentration of myanesin m the spinal cord have not been published 
Related compounds Most ethers of glycerol of the structure R-O-CHj-CHOH- 
GHjOH produced transient paralysis qualitatively similar to that observed after 
antodyne or myanesin (24, 11, 80) 

When R was an aliphatic radical, straight chain alkyls contributed more to 
the paralyzing activity than branched chain isomers or unsaturated radicals 
The n-amyl ether was the most potent compound of the aliphatic series It was 
about as active as antodyne and about one-third as active as myanesin 
The activity of compounds m which R was a substituted benzene nucleus 
vaned Avith the position and kind of the substituent group Compounds with a 
small alkyl or alkoxy group or chlorine in the ortho position possessed strongest 
paralysing action Compounds with these radicals in meta or para position were 
less active than the ortho isomers The presence of a hydroxy, ammo, amido, 
ester or hydroxy-alkyl group or multiple substitution m the benzene nng ivith 
alkyls, halogens or both decreased paralysing activity (11) 

Compounds with lower solubility than myanesin shoived, for the most part, a 
slower onset and longer duration of action The rather insoluble 3'(l’-methyl, 
4’-isopropyl) propane-1 ,2-diol on oral admimstration to dogs produced more pro- 
longed and constant blood levels than myanesin (29) 

Stereochenoical configuration did not appear to influence paralysing activity 
as judged by the similar activity of the levo and racemic guaiacol glycerol 
ethers (112) 

The effect of substitutions in the glyceryl side-chain depended on the structure 
and position of the substituent group Methyl substitution on the Ci atom of the 
glyceryl side-chain did not matenally alter paralysing activity but substitution 
on the C' atom decreased activity Substitution m the hydroxyl groups decreased 
or destroyed paralysing activity 

An increase or decrease m the length of the glycerol chain caused a decrease or 
disappearance of paralysmg properties as Avitnessed by the slight activity or 
inactivity of the glycol, erythritol and mannitol homologues (11) 

Alpha substituted glycidyl ethers were generally more potent than the corre- 
sponding glyceiol denvatives Replacement of the hydroxy groups of Ci and Ci 
atoms by aliphatic groups decreased the potency (67) 

The alpha thioethers and sulphones of glycerol also had paralysing activity 
but were more toxic than the oxygen ethers 
The 3-(2’-methoxyphenoxy)propane-l ,2-diol which possesses paralysing prop- 
erties of a sumlar order as myanesin has been sold for many years as an expecto- 
rant under the propnetary name of Re^l 

Myanesin acid succinate possessed pharmacological properties quahtatively 
Him l iar to myanesm It was less toxic and had a much Aveaker paralysing action 
In doses not causmg paralysis, it had a longer duration of action than myanesm. 
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Liver homogenates hydrolysed myanesm acid succinate into myanesm and suc- 
cinic acid and the compound was dealt with in a similar way tra tnvo (106, 19) 
Certam 2-substitut^-l, 3-propanediols had a stronger anticonvulsant action 
and a weaker paralysmg action than myanesm and similar compounds 2,2- 
Diethyl-1, 3-propanediol, called DEP, the outstanding compoimd of the senes 
was as active as phenobarbital m preventing convulsions and deaths from lethal 
doses of metrazol m mice It was more effective than phenobarbital or myanesm 
in antagomzmg the convulsant and lethal effects of strychnme Suitable doses 
of DEP also prevented or modified electroshock seizures m mice and 
rabbits (14a) 


The Clinical Use of Myanesin 

Effect of administration in humans The slow mtravenous ad m i ni stration of 1 
gram of myanesm to adults did not cause any effects (83) A similar dose given 
more rapidly caused a subjecive sense of warmth, relaxation and shght giddmess 
but no unpairment of mental faculties There was dimmution of muscle tone 
without mterference with voluntary muscle controL Strength measured on a 
dynamometer was not altered Coarse nystagmus m all directions, loss of eye 
convergence and slurred speech were also observed Rarely patients became famt 
when placed upright while under drug action Durmg or after administration, no 
apprehension was felt (83, 117, 46, 110) 

After administration of somewhat larger doses (2 grams or 30 mg per kg), 
most patients complamed of feehng “dopey" or relaxed After completion of the 
mjection, the depression disappeared withm 2 to 3 mmutes but the relaxed feehng 
persisted for about an hour (117) Baisi (2a) observed vomitmg of central ongm 
(which was not preceded by nausea) after parenteral administration of myanesm 

The oral administration of myanesm m 1 gram doses, as a rule, did not cause 
any symptoms provided that it was given after meals A similar dose given on an 
empty stomach sometimes caused transient giddmess and a feehng of relaxation 
A few patients experienced “heart bum” and nausea (21) Certam patients 
exibited a nuld degree of euphona for 1 to 2 hours followmg administration of the 
drug (117, 62, 7) 

Use during anesthesia For the performance of numerous surgical operations, 
adequate muscular relaxation is required To obviate the nsk concomitant to 
deep anesthesia, the use of curare with hght anesthesia has been advocated (57) 
Curare used m this way produces paresis or paralysis of the skeletal muscles by 
blockmg neuromuscular transmission Myanesm is used m order to depress the 
reflex hyperexcitabdity present durmg hght anesthesia It is not used clmically for 
its paralytic action which requires amounts greater than those usually given to 
patients (10) 

The effect of myanesm m anesthesia was described for the first time by Mallm- 
Bon (83) He used the drug m 112 cases m conjimction with pentothal and mtrous 
oxide or cyclopropane and obtamed excellent relaxation ivith doses ranging from 
0 5 to 2 grams mtravenously (about 7 to 28 mg per kg) Respiration and circula- 
tion were not impaired and no comphcations attributable to the drug were 
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body approximately according to the water content of each tissue A notable 
exception to this was the brain in which the ratio of tissue to plasma was always 
more than unity and averaged about 2 The concentrations of myanesm in spinal 
fluid and saliva were consistently lower than m plasma (94, 95, 103) Data on the 
concentration of myanesm in the spinal cord have not been published 
Related corn-pounds Most ethers of glycerol of the structure R-O-CHrCHOH- 
CHjOH produced transient paralysis qualitatively similar to that observed after 
antodyne or myanesm (24, 11, 80) 

When R was an aliphatic radical, straight chain alkyls contributed more to 
the paralyzing activity than branched chain isomers or unsaturated radicals. 
The n-amyl ether was the most potent compound of the aliphatic senes It was 
about as active as antodyne and about one-third as active as myanesm 
The activity of compounds m which R was a substituted benzene nucleus 
vaned with the position and kind of the substituent group Compounds wth a 
small alkyl or alkoxy group or chlorme in the ortho position possessed strongest 
paralysing action Compounds with these radicals m meta or para position were 
less active than the ortho isomers The presence of a hydroxy, ammo, amido, 
ester or hydroxy-alkyl group or multiple substitution in the benzene nng mth 
alkyls, halogens or both decreased paralysing activity (11) 

Compounds with lower solubility than myanesm showed, for the most part, a 
slower onset and longer duration of action The rather insoluble 3-(l'-methyl, 
4’-isopropyl) propane-1 , 2-diol on oral admimstration to dogs produced more pro- 
longed and constant blood levels than myanesm (29) 

Stereochemical configuration did not appear to influence paralysing activity 
as judged by the similar activity of the levo and racemic guaiacol glycerol 
ethers (112) 

The effect of substitutions in the glyceryl side-cham depended on the structure 
and position of the substituent group Methyl substitution on the Cj atom of the 
glyceryl side-chain did not matenally alter paralysing activity but substitution 
on the C‘ atom decreased activity Substitution m the hydroxyl groups decreased 
or destroyed paralysing activity 

An mcrease or decrease m the length of the glycerol chnm caused a decrease or 
disappearance of paralysing properties as witnessed by the slight activity or 
mactivity of the glycol, erythntol and mannitol homologues (11) 

Alpha substituted glycidyl ethers were generally more potent than the corre- 
sponding glycerol denvatives Replacement of the hydroxy groups of Cj and Cj 
atoms by aliphatic groups decreased the potency (67) 

The alpha thioethers and suJphones of glycerol also had paralysmg activity 
but were more toxic than the oxygen ethers 
The 3 -( 2 ’-metho\yphenoxy)propane-l, 2 -diol which possesses paralysing prop- 
erties of a similar order as myanesm has been sold for many years as an e.xpecto- 
rant under the propnetary name of Resyl 

Myanesm acid succinate possessed pharmacological properties quahtatively 
sumlar to myanesm It was less toxic and bad a much weaker paralysing action 
In doses not causmg paralysis, it had a longer duration of action than myanesm. 
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Liver homogenates hydrolysed myanesm acid succmate mto myanesm and suc- 
cmic acid and the compound was dealt with m a similar way in mvo (106, 19) 
Certam 2-substitut^-l, 3-propanediols had a stronger anticonvulsant action 
and a weaker paralysmg action than myanesm and similar compounds 2,2- 
Diethyl-1, 3-propanediol, called DEP, the outstanding compound of the senes 
was as active as phenobarbital in preventmg convulsions and deaths from lethal 
doses of metrazol m mice It was more effective than phenobarbital or myanesm 
in antagonmng the convulsant and lethal effects of stiychmne. Suitable doses 
of DEP also prevented or modified electroshock seizures in mice and 
rabbits (14a) 


The Clinical Use of Myanesin 

Effect of administration in humans The slow intravenous administration of 1 
gram of myanesm to adults did not causa any effects (83) A sunilar dose given 
more rapidly caused a subjecive sense of warmth, relaxation and shght giddmess 
but no unpainnent of mental faculties There was diminution of muscle tone 
without interference with voluntary muscle control Strength measured on a 
dynamometer was not altered Coarse nystagmus m all directions, loss of eye 
convergence and slurred speech were also observed Rarely patients became famt 
when placed upnght while under drug action During or after adnunistration, no 
apprehension was felt (83, 117, 46, 110) 

After administration of somewhat larger doses (2 grams or 30 mg per kg), 
most patients complamed of feehng “dopey” or relaxed After completion of the 
mjection, the depression disappeared withm 2 to 3 mmutes but the relaxed feehng 
persisted for about an hour (117) Baisi (2a) observed vomitmg of central ongm 
(which was not preceded by nausea) after parenteral administration of myanesm. 

The oral admimstration of myanesm m 1 gram doses, as a rule, did not causa 
any symptoms provided that it was given after meals A sumlar dose given on an 
empty stomach sometimes caused transient giddmess and a feehng of relaxation. 
A few patients expenenced “heart bum” and nausea (21) Certam patients 
exibited a mild degree of euphoria for 1 to 2 hours followmg administration of the 
drug (117, 62, 7) 

Use during anesthesia For the performance of numerous surgical operations, 
adequate muscular relaxation is required To obviate the risk concomitant to 
deep anesthesia, the use of curare with hght anesthesia has been advocated (57) 
Curare used m this way produces paresis or paralysis of the skeletal muscles by 
blockmg neuromuscular transmission Myanesm is used m order to depress the 
reflex hyperexcitabibty present durmg hght anesthesia It is not used chmcally for 
its paralytic action which requires amounts greater than those usually given to 
patients (10) 

The effect of myanesm m anesthesia was descnbed for the first time by hlallm- 
Bon (83) He used the drug m 112 cases m conjunction with pentothal and mtrous 
oxide or cyclopropane and obtamed excellent relaxation with doses ranging from 
0 5 to 2 grams mtravenously (about 7 to 28 mg per kg) Respiration and circula- 
tion were not impaired and no complications attributable to the drug were 
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encountered The tone of the musculature of the intestinal tract was unchanged 
or shghtly diminished (85, 90) The postoperative condition of patients given 
myanesin was better than that of patients receiving spinal or deep general anes- 
thesia or curare Malhnson stated that myanesin bad advantages over curare 
because of the wider margin of safety, adequate abdominal relaxation without 
mtercostal paralysis, the potentiation of barbiturate action and the absence of 
bronchospasm and sahvation The shock-hke state which is sometimes observed 
after the administration of curare has not been noted after myanesin (84) These 
results were confirmed by Turnbull (123), Bistrom and Vukan (22) and Mua- 
grove (96) 

Lyall (82) obtamed satisfactoiy results with myanesm m robust individuals 
who did not relax easily with ether In very ill patients, and m thoracic surgeiy 
where controlled respiration is of advantage, curare seemed preferable Ballan- 
tine (3), Marshall (89) and Macar (82a) also commended myanesm for producing 
satisfactory muscular relaxation without respiratory depression Because of the 
occurrence of venous thrombosis after admmistration of a 10 per cent solution, 
they recommended the use of more dilute solutions which did not cause lU effects. 
Marston (90) and Carman (31) were impressed by the small amount of myanesin 
required to secure relaxation m many abdominal operations Wilson and Gordon 
(134) and Davison (38) recommended myanesm as an aid to anesthesia m 
children 

Mallmson (86), m summanzmg his expenence of 1600 myanesin mjecUons, 
stated that the prmcipal field for myanesin was abdominal surgery, hemor- 
rhoidectomy and colpopenneal repair Used jointly with pentothal, myanesm 
was of httle value m facilitatmg mtubation It abolished laryngeal spasm when 
used durmg deeper levels of anesthesia Myanesm was also useful m tonsillectomy 
and Caesarean section, when gas and oxygen and pentothal were used as the 
anesthetic agents Mallmson beheves that relaxation with myanesin is as good 
as with curare This view was contradicted by Gray (55) and Woolmer (135) who 
found myanesin ineffective in reasonable dosage Dinmck (39) abandoned the 
use of the drug because the rela-xant effect was not as pronounced as that pro- 
duced by curare Dale (35, 36) found the action of myanesm unpredictable In 
some cases, relaxation was comparable to that associated wth spinal analgesia, 
ivhile in others relaxation was absent or poor Because relaxation of skeletal and 
abdommal muscles m the absence of stimulation of the pentoneum was good, he 
used myanesm successfully m gynecology for examinations under anesthesia. 
Myanesin was also of value in orthopedic operations for mampulation of the 
spine (36) 

The Use of Myanesin tn Nervous Disease 

The effects of myanesin on experimental animals suggested that the drug may 
be of value in certain nervous chsease where spasticity, tremor and mvoluntaiy 
movements were a factor 

Paralysis agiians Stephen and Chandy (117) were the first to show that the 
intravenous mjection of myanesm m about 1 gram doses abolished the tremor 
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and ngidity of patients suffering from paralysis agitans The symptoms remamed 
m abeyance for 30 to 60 mmutes and were less severe than usual for about 12 
hours Voluntary muscular power was not impaired These results were confirmed 
and amphfied by Schlesmger et al (110) who thought that patients wth ngidity 
have an unusual sensitivity to myanesm Hunter and Waterfall (71) and others 
(70, 87, 46) also found myanesm effective m paralysis agitans on parenteral ad- 
ministration Hay (62), treatmg paralysis agitans m psychotic patients, gamed 
the impression that the remission of symptoms lasted the longer, the more recent 
the onset of the Parkinson syndrome 

Berger and Schwartz (21) found that myanesm administered orally was effec- 
tive m certam cases of paralysis agitans Although the effect of the drug on oral 
administration was not as spectacular as that observed after parenteral adminis- 
tration, it was of longer duration and did not cause side effects Berger (7) treated 
47 cases of paralysis agitans of vanous etiology with myanesm orally Some 
decrease of ngidity and tremor was observed m 22 cases, 21 patients were un- 
changed and m four the tremor became temporanly worse Cases of post-encepha- 
litic, idiopathic and artenosclerotic ongm appeared to respond equally well The 
oral eflacacy of myanesm was recently confirmed by Gammon and Churchill (46) 

Myanesm is said to have an unquestionably greater effect m cases of Parkm- 
soman ngidity and tremor than any other therapy short of narcosis (46) These 
results are of particular mterest m view of the fact that myanesm differs from 
most other drugs recommended for the treatment of paralysis agitans m not 
possessing atropme-like action (14) 

Involunlary movements The eflBcacy of myanesm m suppressmg or diminishing 
athetotic and chorea-like movements has repeatedly been shown (117, 110, 21, 
46, 108) Athetoid movements m cerebral palsy sufferers, and those observed m 
bilateral athetosis and dystoma musculorum deformans, responded equally well 
Senile tremor was also greatly improved but cases of Huntmgton’s and congemtal 
chorea were unaltered (46) Gammon and Churchill (46) observed an mcrease of 
the mtention tremor m 2 cases of multiple sclerosis but the reviewer noted a 
favorable effect on mtention tremor and head wagging m three out of 19 cases of 
multiple sclerosis Myanesm was also found of considerable value for the ameho- 
ration of the jerkmg movements of the head observed m spasmodic torticollis (7) 
It proved of no value m four cases of hereditary mtention tremor occurrmg with- 
out other neurological symptoms 

Spasttctly The status of myanesm m spasticity due to upper motor neuron 
lesion 13 not yet clearly defined After mtravenous administration of the drug, 
Stephen and Chandy (117) observed complete flaccidity m a congemtal spastic 
child but did not note any change m the degree of spasticity m a case of spastic 
paraplegia due to a tuberculous lesion mvolvmg the thoracic vertebrae Schlesm- 
ger el al (110) have shown that myanesm m smtable dosage has a pronounced 
though evanescent effect upon the isolated or partly isolated spinal cord. Mather 
(91) reported immediate and pronounced relaxation of the spastic muscles of the 
lower limbs m cases of spastic hemiplegia, paraplegia, dissemmated sclerosis and 
other upper motor neurons lesions after an mtravenous mjection of 1 gram of 
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myanesan. The effect lasted for 5 or 6 hours After oral administration of myanesin 
to certain hemiplegic patients, a decrease of spasticity and recovery of some of 
the voluntary movements were observed (21), The effect of the drug manifested 
Itself mainly by improvements of the physical performance of the patients. There 
was httle or no change in the tendon reflexes and clonus 

Muscle spasm Schlesinger et al (109, 110) beheve that acute muscle spasm 
constitutes the major indication for the use of the drug Myanesm was particu- 
larly effective for the relief of muscle spasm due to acuta low back and cervical 
spine syndromes The drug also proved of value as an aid or substitute for traction 
(109, 36), for the reduction of major fractures in muscular males (36), for the 
evaluation of the reversibility of contractures and deformities, and for facihtation 
of physical therapy (110) Organic facial heimspasm or fasciculations m amy- 
trophic lateral sclerosis did not show any alteration after myanesin (46) 

Tetanus' All the symptoms of experimental tetanus m mice could be abolished 
by myanesin (9) Betfrage (6) used myanesin mtramuscularly in 2 cases of tetanus 
and found it more effective than curare The value of myanesin m tetanus has 
been confirmed by others (89, 109, 46, 77, 38a) Torrens et al (122) reported a 
carefully studied severe case of tetanus m which myanesm gave much benefit 
They found that the mtravenous injection of 1 gram of the drug m a 6% solution 
abolished the spasms and enabled the patient to take nounshment. The reflaxes 
remained brisk and clonus persisted They advocate further clmical tnals by the 
oral, mtramuscular and mtravenous routes 

Convulsive stales Hunter and Waterfall (71) tried the effect of myanesm m 3 
cases of contmuous epileptic attacks and observed immediate disappearance of 
the seizures after mtravenous doses of 0 4 to 1 0 gram Schlesinger (109) also 
found myanesm of value in status epilepticus Gammon and Churchill (46) ob- 
served the disappearance of the characteristic spike and dome waves pattern m 
the electroencephalograms of sl\ cases of true petit mal Convulsive cases with 
focal lesions and two cases of petit mal associated with generalized seizures were 
unaffected 

Judged by animal experiments, myanesm should be the drug of choice in 
strychmne poisomng The use of the drug for this purpose has not been reported 
Myanesin was not of much value for the prevention of traumatic accidents durmg 
convulsive shock therapy (109) Doses of 30 mg per kg myanesin did not dimimsh 
the intensity or the duration of therapeutic electroshock convulsions (62) but 
shortened the period of apnea followng the convulsions (Unna, personal com- 
mumcation) Holt et al (68a) found that dilantin markedly enhanced the ability 
of myanesin to soften convulsive ngor 

Psychoses Schlesinger (110) used myanesin in two cases of catatoma without 
benefit Gammon and Churclull (46) observed improvement in a patient wth 
reactive depression A deteriorated negativistic schizophremc became commum- 
cative for the first time in years and an agitated patient became calm and com- 
mumcaUve under the action of the drug Hay (62) observed pleasant relosation or 
euphoria without other changes in the mental condition of four schizophrenics 
Three detenorated catatomcs did not show any psychic effects and remained 
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mute The changes m mamc-depressive patients were minimal and of short dura- 
tion 

Schlan and Unna (110b) found m patients with anxiety states that myanesin 
, allayed anxiety without clouding consciousness The drug also had a sedative 
action in mamc depressive psychoses In schizophremc patients a sedative 
action was noted only when the environment was not disturbing 

Miscellaneous conditions Myanesin was of no value in two cases of Fnedreich’s 
ataxia (7) In the treatment of vanous arthritic symptoms (21, 109), myanesin 
was sometimes helpful but it is not clear whether the effect of the drug m these 
conditions was due to its muscle relaxmg effect, its antip 3 Tetic or analgesic action, 
or to other factors A case of true gouty arthritis responded dramatically to the 
administration of the drug by mouth 

In patients addicted to morphine and heroine, myanesin abolished scmatic 
symptcms of withdrawal such as yaw nmg, nausea, vcmiting and leg cramps but 
did not affect craving for the drug (110b) Myanesm also promptly abohshed 
the tremor and anxiety of chronic alcohohcs m abstinence (110b) 

Stephen and Chandj' have shown that myanesm is effective m suppressmg 
mtractable pain of thalamic ongm (117) In tabes, spontaneous pam was abol- 
ished and the exaggerated second-pam m response to pmpnck was reduced with- 
out loss of pmpnck perception Causalgic pam was reheved for a short time and 
improved for 24 hours Phantom limb pam was unaffected (46) Brooks et ai 
(26) found that the pamful limitations of movements m two cases of pohomyehtis 
were imaffected 


Toxic Effcds and Complicalions 

Hemolysis and hemoglobinuria Pugh and Enderby (102) have shown that 
myanesm had hemolytic properties in vitro in concentration of 1 m 200 The 
hemolytic action of the drug was mcreased by the solvents used m the preparation 
of the commercially available solutions (64) The solvents used were ethanol and 
propylene glycol (56) Ogilvie et al (98) show'ed that a 10 per cent commercial 
solution of myanesm caused flocculation of blood 

When myanesm solutions were mjected mto a vein at the wnst and blood 
samples withdrawn from a vem m the antecubital fossa were examined for the 
presence of hemolysis, the mjection of 1 5 cc of a 5 per cent solution caused con- 
siderable lysis but a similar amount of a 1 per cent solution did not cause any 
change from the control In these experiments, a commercially prepared solution 
of myanesm was used and no attempt was made to determme whether myanesm 
or the solvents were responsible for hemolysis (102) The occurrence of mtra- 
vascular hemolysis without hemoglobmuna after mtravenous myanesm has been 
observed by Lyall (82) and Wilson and Gordon (134) Pugh and Enderby (102) 
observed hemoglobmuna following the mtravenous use of myanesm m three 
cases Samples of urme voided soon after the mjection were discolored and con- 
tamed hemoglobin, but no hemoglobm was found m subsequent samples over a 
period of 2 days Stephen and Chandy (117), Noble (97), Brooks et al (26) and 
M a r s hal l (89) noticed mtense hemoglobmuna after administration of myanesm 



266 


F M BERGER 


in 10 per cent solution by the intravenous route Pugh and Enderby believe that 
intravenous hemolysis occurs with every mjection of strong solutions of mya- 
nesin Because of the high threshold value of hemoglobin, hemoglobinuria is seen 
only occasionally They consider preparations of myanesm, as constituted at 
present, unsatisfactory for intravenous use because of the danger of blockade of 
the kidney tubules wth acid hematin crystals formed from the hemoglobin m 
acid unne Wilson (133), Hay (62) and Enderby (41) felt that the solvent and 
not myanesm itself may be responsible for hemolysis 

Admimstration of more dilute solutions (5 per cent or less) did not cause hemo- 
globinuna or other untoward effects m large senes of cases (110, 109, 46, 122, 89, 
31, 96) According to Malhnson (86), fewer than 20 cases of hemoglobinuna have 
reported out of an estimated 10,000 administrations of myanesm He beheves 
that, m certam patients, the discolored unne may be due to an abnormal pigment 
and not to hemoglobin Mallmson (86) and Wilson and Gordon (134) presented 
experimental evidence to show that myanesm mcreased the fragdity of the red 
cells, but Torrens el al (122) found a normal red cell fragihty curve after 12 grams 
of myanesm had been given as a 5 per cent solution m divided doses. After oral 
administration of myanesm, hemoglobmuna has not been observed (41, 21) 

Kidney damage and anuna Hewer and Woolmer (65, 66), Diimick (39) and 
Goodier and Goodhart (48) descnbed cases of fatal anuna after the intravenous 
use of myanesm dunng anesthesia The necropsy findings were similar to those 
observed after mcompatible blood transfusions and may have been due to mtra- 
vascular hemolysis followed by deposition of pigment m the renal tubules The 
histblogical picture of the kidneys also suggested that myanesm may cause corti- 
cal ischemia Mallmson (86) reported uremia m two patients who had myanesm 
dunng anesthesia He believes that the uremia m these cases and m the case of 
Hewer and Woolmer was produced by the trauma of the operation and that it 
belongs to the “crush syndrome without crush injury” picture (85) He descnbed 
the occurrence of fatal anuna of a similar t3T3e in a case anesthetized with thio- 
pental and curare (88) 

Venous thrombosis Opimon vanes as to the cause and fiequency of this com- 
plication Mallmson (84, 86) and Vartan (125) reported complete freedom from 
this complication and drew attention to the possibihty of pentothal bemg the 
cause Stephen and Chandy (117) lecoided seven cases of localized thrombo- 
phlebitis m a senes of 50 admimstrations All patients recovered ivithm 48 hours 
Gnffith and Cullen (56) had four cases of thrombophlebitis among 120 patients 
and Musgrove (96) observed this comphcation m 10 out of his 200 patients 
Several authors reported single cases of venous thrombosis (126, 55, 134, 39) 

Inira-artenal injection Ogilvie et at (98) descnbed a case of gangrene of the 
liand and forearm after accidental mjection of myanesm Brooks el al (26) ob- 
served hemolysis m the brachial vem after an injection of the drug mto the 
brachial artery 

Circulatory effects Hunter (70) saw a simultaneous failure of circulation and 
respiration of central ongm after mtravenous mjection of 3 grama of myanesm 
This was at once reversed by 5 cc of nikethamide mtravenously Lyall (82) 
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observed falls of the ^stohc and diaatohc blood pressure varying as a rule be- 
tween 10 and 25 mm In elderly mdividuals, the falls were greater but never 
caused anxiety Cowen (34) observed a partial heart-block shortly after ad- 
ministration of myanesm 

QLYKETAL AND OTHER 2,2-ALKYL-4-HYDROXYlIETHYL-l ,3-DIOXOLANES 

It has recently been shown that certain 2-substituted-4-hydroxymethyl-l ,3- 
dioxolanes caused effects on the central nervous system similar to those caused by 
alpha substituted ethers of glycerol (15, 12) Fifty compounds of this type have 
been exammed and it w'as found that 2-methyl, 2-n-amyl-4-hydroxymethyl-l ,3- 
dioxolane, named glyketal, possessed the strongest paralysmg activity The 
pharmacological properties of glyketal have been investigated (13) 
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Fig 6 Structural formula of glyketal 


Physical and chemical properlies Glyketal is a colorless, viscid hquid with a 
famt fruity odor, it boils at 12S-132'’C at 10 mm pressure Glyketal hydrolyses 
slowly on standmg It is only very sbghtly soluble in water but forms fairly stable 
emulsions 

Effect on animals The action of glyketal in laboratory animals wus very similar 
to that of myanesm It caused muscular relaxation after small doses and paralysis 
with a loss of the nghtmg reflex after larger doses The drug w as a somewhat more 
effective paralysmg agent than myanesm and possessed a similar toxicity 

After mtravenous adimmstration of the compound to rabbits, the comeal reflex 
was lost durmg the peak of the drug action Durmg this time, some animals also 
showed nystagmus Lethal doses caused death by respiratory paralysis Paralysis 
was not preceded or followed by^ excitation The lower segments of the spinal 
cord appeared to be affected first by the drug and were the last to recover from 
its effects 

Effect on circulation and respiration In the intact animal, respiration durmg 
_ paralysis was not affected or was somewhat increased in rate and depth In cats 
anesthetized rvith dial, mtravenous injections of glyketal in doses of 5 mg per kg 
did not affect respiration but produced a slight and transient fall of blood pressure 
and a decrease m heart rate Larger doses had a greater depressor effect Atropine 
affected neither the fall of blood pressure nor the bradycardia produced by the 
drug 

Effect on the nervous system Glyketal did not possess any action on the penph- 
eral nerves It did not influence neuromuscular tiansmission and did not have 
any curare-hke action It also did not affect two neuron arc reflexes such as the 
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in 10 per cent solution by the intravenous route Pugh and Enderby beheve that 
intravenous hemolysis occurs with every injection of strong solutions of mya- 
nesin Because of the high threshold value of hemoglobin, hemoglobinuria is seen 
only occasionally They consider preparations of myanesm, as constituted at 
present, unsatisfactory for intravenous use because of the danger of blockade of 
the kidney tubules wth acid hematin crystals formed from the hemoglobin in 
acid unne Wilson (133), Hay (62) and Enderby (41) felt that the solvent and 
not myanesm itself may be responsible for hemolysis 
Admimstration of more dilute solutions (5 per cent or less) did not cause hemo- 
globiniina or other untoward effects in large senes of cases (110, 109, 46, 122, 89, 
31, 96) According to Malhnson (86), fewer than 20 cases of hemoglobmuna have 
reported out of an estimated 10,000 administrations of myanesm He beheves 
that, m certain patients, the discolored unne may be due to an abnormal pigment 
and not to hemoglobm Mallmson (86) and Wilson and Gordon (134) presented 
experimental evidence to show that myanesm mcreased the fragihty of the red 
cells, but Torrens et al (122) found a normal red cell fragihty curve after 12 grams 
of myanesm had been given as a 5 per cent solution m divided dosea After oral 
administration of myanesm, hemoglobmuna has not been observed (41, 21) 
Kidney damage and anuna Hewer and Woolmer (65, 66), Dinmck (39) and 
Goodier and Goodhart (48) described cases of fatal anuna after the mtravenous 
use of myanesm dunng anesthesia The necropsy findmgs were similar to those 
observed after mcompatible blood transfusions and may have been due to mtra- 
vascular hemolysis followed by deposition of pigment in the renal tubules The 
histological picture of the kidneys also suggested that myanesm may cause corti- 
cal ischemia Mallmson (86) reported uremia m two patients who had myanesm 
dunng anesthesia He beheves that the uremia in these cases and m the case of 
Hewer and Woolmer was produced by the trauma of the operation and that it 
belongs to the “crush syndrome without crush injury” picture (85) He descnbed 
the occurrence of fatal anuna of a similar type m a case anesthetized with thio- 
pental and curare (88) 

Venous thrombosis Opinion vanes as to the cause and frequency of this com- 
plication Malhnson (84, 86) and Vartan (125) reported complete freedom from 
this comphcation and drew attention to the possibihty of pentothal bemg the 
cause Stephen and Chandy (117) recorded seven cases of localized thrombo- 
phlebitis in a senes of 50 administrations All patients recovered withm 48 hours 
Griffith and Cullen (56) had four cases of thrombophlebitis among 120 patients 
and Musgrove (96) observed this comphcation m 10 out of his 200 patients. 
Several authors reported single cases of venous thrombosis (126, 65, 134, 39) 
Intra-artenal tnjeclton Ogilvie et al (98) descnbed a case of gangrene of the 
hand and forearm after accidental injection of myanesm Brooks et al (26) ob- 
served hemolysis in the brachial vem after an injection of the drug mto the 

brachial arteiy , , , , j 

CircuMory effects Hunter (70) saw a simultaneous failure of circulation and 

respiration of central ongm after mtravenous injection of 3 grams of myanesm 
This was at once reversed by 6 cc of mkethamide mtravenously Lyall (82) 
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effect of apo-/3-erythroidjne uas similar to that observed after administration of 
benzinudazole, myanesin or glyketal but differed from these agents in producmg 
paralysis of much longer duration 

Apo-ff-crythroidine did not possess any curare-like action and did not affect 
two neuron reflexes but depressed selectively multineuron reflexes such as the 
flexor reflex It appears that apo-/3-erythroidine also possesses a selective depres- 
sant action on intemeurons (107) 


SPASiiOLrrics 

It has been known for over 60 years that certam solanaceous drugs were effec- 
tive m the treatment of paralj sis agitans The opinion has been expressed that the 
efBcacy of these drugs m certain disorders of the extrapyramidal nervous system 
was more hkely due to their central depressant action than to their inhibiting 
action on chohnergic nerve endmgs With this idea in mind, Domenjoz (39a) 
examined the pharmacological properties of a number of spasmolytic drugs and 
recommended parpamt, the diethylaminoethylester of phenylcyclopentanecar- 
bomc acid for clmical trials in hyperkinetic and dystomc conditions 
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Fia 7 Structural formula of Parpamt 


Pharmacological properties Parpamt injected m mice or rats in doses of 50 mg 
per kg caused an mcrease of spontaneous activity, similar to that observed after 
comparable doses of atropme Larger doses of parpamt caused convulsions and 
death Paralysis of skeletal muscles did not occur Parpamt was about 13 times 
less effective than atropme in antagomzmg the action of acetylchohne on the 
isolated rabbit duodenum but possessed in this respect an activity comparable 
to other synthetic spasmolytic drugs Parpamt also had a considerably weaker 
mydnatic and sahvation-inhibiting action than atropine (39a) 

In dogs intravenous adrmmstration of 3 mg per kg did not markedly affect 
blood pressure and did not influence the vasodepressor and respiratory reflexes 
Larger doses had a depressor effect on the blood pressure and stimulated respira- 
tion Parpamt caused vasodilatation by a direct effect on the vessels and did not 
act directly on the vasomotor center (66a) 

Parpamt did not affect neuromuscular conduction and did not alter axcitabihty 
of skeletal muscles (66a) Fleisch and Baud (42c), usmg a quantitative method, 
found a decrease m the tonus of the adductor muscles of the hmd leg of intact and 
spinal rabbits after parpamt in doses of 4 to 40 mg per kg They also observed a 
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knee and ankle jerks Multineuron reflexes such as the flexor and crossed extensor 
reflexes were depressed with small doses of the drug The crossed extensor reflex 
which IS mediated by several intemeurons was depressed with smaller doses of 
glyketal for longer periods of tune than the flaxor reflex which probably has a 
shorter mtercalated pathway between the afferent and efferent parts of the reflex 
arc 

Glyketal was very effective m abolishing tremor and repetitive phenomena 
occurring spontaneously or induced by admimstration of stiychmne The effects 
on multineuron reflexes, tremor and repetitive phenomena were apparent after 
doses of the drug which did not cause paralysis 

The marked effect of the drug on multmeuron reflexes and repetitive phenom- 
ena, taken m conjunction with its meffectiveness in suppressing two neuron 
reflexes and the lack of analgesic action of the drug, suggests that glyketal acts 
by selectively depressing the mtemeurons In this respect, it appeared more 
potent and selective than benzimidazole and myanesm 

Glyketal did not seem to affect cortical activity and did not influence the 
electroencephalogram 

Anticonvulsant action Glyketal possessed some antagomstic action to the con- 
vulsant and lethal effects of strychnine, metrazol and picrotoxm This antag> 
nistic action was, however, weak and of a lower order than that of benzimidazole 
and myanesm 

Other pharmacological properties Glyketal possessed a few other pharmaco- 
logical actions than those descnbed It did not cause analgesia m doses not caus- 
ing paralysis The sensory impairment dunng paralysis was probably due to the 
motor deficit and was not complete Glyketal had a local anesthetic action com- 
parable to that of procame 

Clinical me The effect of glyketal in humans has not yet been investigated. It 
IS likely to be of value in conditions m which abnormal impulses reverberate in 
closed mtemeuronal circuits such as may be the case in chorea, athetosis, and 
certam forms of tremor and muscle spasm It may also be worth a trial in condi- 
tions m which the mtemeurons are in a state of irntation, as may be the case m 
acute pohomyehtis 


APO-ZS-ERYTHROIDINE 

It has been suspected for some time that /3-erythroidme, apart from its curare- 
hke action, also possesses central depressant properties (30, 61) These two 
properties have been dissociated m apo-zJ-erythroidine which lacks the penpheral 
action but still retains the central depressant properties of ^-erythroidine (107) 
Apo-iS-erythroidme was prepared by heating /3-erythroidine to J20°C with 
either phosphoric or sulfunc acid Apo-/3-erythroichne isolated from the reaction 
mixture was a sohd vhich, after crjstalhzation from ethanol, melted at 132- 
132 5°C It was insoluble in ivater but could be easily dissolved m dilute acid 
On mtrapentoneal admmistration to mice m doses of 150 mg per kg, apo-^- 
erythroidine caused flaccid paralysis and loss of postural reflexes The paralysing 
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CHOLINERGIC AGENTS 

In View of the potential role played by acetylchohne in the transmission of 
nnpulses in the nervous system, its effects on the reflev actmtj’’ of the spmal cord 
are of great interest 

Schweitzer and Wnght (111) found that, m cats under chloralose anesthesia, 
an intravenous injection of acetylchohne depressed or abohshed the knee jerk 
This effect was due to a direct iniubitoiy action on the spinal cord and was only 
partially annulled by atropme Neostigmme, carbachol and certain other drugs 
which prevent the destruction of acetylchohne by cholinesterase behaved simi- 
larly Physostigmme had an opposite effect an caused a marked enhancement of 
the knee jerk 

Merhs and Lawson (92) investigated the action of physostigmme on spinal 
reflexes m dogs They found that it depressed the knee jerk and augmented the 
flexion and crossed extension reflexes. Bulbnng and Bum (27), usmg a prepara- 
tion m which the lower part of the spmal cord and the hmd legs were perfused by 
two different circuits of blood, found that both physostigmme and neostigmme 
depressed the knee jerk and augmented the flexor reflex They interpreted their 
findmgs by assummg that, m the case of the knee jerk m which only a smgle 
synapse is involved, an accumulation of acetylchohne occurs which blocks trans- 
mission of the impulse In the case of the multmeuron reflexes, the accumulation 
of acetylchohne is not great enough to cause blockage at ordinary rates of stimu- 
lation, but the muscle fibres contract repeatedly to each smgle shock, so that a 
single twitch becomes a short tetanus It appears that the knee jerk and flexor 
reflex are modified by eserme and neostigmme as nught be ex-pected if transmis- 
sion at the synapse of the spmal cord would be affected by acetylchohne This 
view is further supported by the observation that the effects of both physostig- 
mme on the knee jerk and flexor reflex were prevented or abolished by atropme 
Wilder and Frank (132) studied the effect of neostigmme and physostigmme m 
chrome spmal dogs. Subcutaneous admmistration of neostigmme was followed by 
enhancement of all hmdhmb reflexes and the appearance of irregular spontaneous 
movements of the hmdhmbs Eserme produced spontaneous hmdhmb movements 
which were either irregular or rhydhmic The activity mduced by esenne could be 
abohshed by morphine or methadone The depressant effect of the cholmergic 
drugs on the knee jerk may have been obscured m these ex-penments by their 
direct stimulant action on the muscle (104) 

Clinical use Neostigmme has had a fairly wide clmical use m neuromuscular 
dysfunctions m which muscle spasm is an important feature, such as hemiplegia, 
cerebral palsy, rheumatoid arthritis and subacromial bursitis (74, 33, 45) It has 
also been used m acute pohomyehtis to reduce pam and relax the muscles (75, 25, 
32) 

Neostigmme may be of value m these conditions for several reasons The in- 
hibiting action of the drug on chohnesterase may fauhtate the passage of impulses 
from nerve to muscle by preservmg the available acetylchohne at the nerve 
endmgs It may also have a direct action on the sjmapses m the spinal cord as 



270 


P M BERGEB 


decrease of muscle tonus and an increase in the threshold for the patellar reflex 
in humans after doses of, 100 mg They believe that parpamt acts on the proprio- 
ceptive nerve endmgs of the muscles and joints This effect is similar to that of 
procaine but is stronger and of longer duration 

Parpamt suppressed bradycardia, bronchospasm, hyperactivity of the gastro- 
intestinal tract, convulsions and muscular fasciculations produced by di-isopropyl 
fluorophosphate (DFP) It also antagomzed the convulsive action of strychnine 
m dogs (66a) but was ineffective in suppressmg convulsions caused by niketh- 
amide in guinea pigs (45a) 

Berger (7) exammed the effect of parpamt on spinal reflaxes in cats anesthetized 
inth dial Small doses of the drug of the order of 2 to 4 mg per kg depressed or 
abolished the multineuron reflaxes, such as the flaxor reflex, but did not affect two 
neuron reflexes such as the knee jerk This depressant action on mtemeurons is of 
interest because parpamt is the only agent of this land which does not possess 
paralysing properties It may be inferred that the blockmg action on mtemeurons 
and paralysing activity ai-e independent properties of drugs, and that paralysing 
activity does not constitute a measure of the potential value of a drug as a block- 
mg agent for mtemeurons 

Gruber et al (59) have shoivn that several autonomic blockmg agents inhibiting 
structures innervated by postgangliomc cholmergic nerves also had a depressant 
action on the central nervous system They found that parpamt, trasentm and 
syntropan injected mtravenously reheved decerebrate ngidity m cats, and de- 
pressed reflexes caused by stimulation of the back and paws m spmal prepara- 
tions For these purposes the drugs were found supenor to atropine and scopola- 
mme 

Clmical use Parpamt has been found of value m the treatment of paralysis 
agitans and of other dystomc and hyperkinetic conditions (60, 60b, 60c, 21a, 
Ilia) Schwab and Leigh (110a) evaluated quantitatively the effect of parpamt 
m 50 cases of parkmsomsm and found the drug supenor to previous medication 
m 65 per cent of cases The degree of improvement was usually around 25 per 
cent Dunham and Edwards (39b) obsei'ved some improvement in 9 out of 19 
patients suffenng from paralysis agitans They found the activity of parpamt 
comparable to that of the solanaceous drugs Side-actions, m decreasmg order 
of frequency, were giddiness, weakness, drowsiness, paresthesia and rarely hal- 
lucmosis Dryness of the mouth and blurred vision were of lesser seventy after 
parpamt than after atropine 

Paipamt given intravenously in doses of 20 to 30 mg softened the imtial con- 
traction and dome phase of electroshock seizures m humans ( 60 a) 

The effect of parpamt on mvoluntaiy movements of extrapyramidal ongin may 
be due to the depressant action of the drugs on mtemeurons The decrease m 
ngidity and tremor obtamed in certain cases of paralysis agitans is probably not 
due to the depressant action of the dmg on mtemeurons, because atropme and 
thephorm (14), which are also of value m parkinsonism, do not affect multmeuron 

reflexes 
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it appears likely that anesthetics exert their action specifically on the synaptic, 
region of the motoneurones just as curare does on the endplate region of the 
muscle (39c) 


DISCUSSION AND SUSDIARY 

Most substances possessing a depressant effect on the spinal cord have the 
important common property of producmg paralysis of the ascendmg type Tn-o- 
cresyl phosphate, chthiobiuret, benzimidazole, myanesin and glyketal depress the 
lower segments of the cord m small doses With larger doses, higher segments of 
the cord and the midbram are also affected m an ascending order The anesthetics 
differ from the spinal depressants by first depressmg higher levels of the central 
nervous system and by producing paralysis at loiter levels only after large doses 
The vital functions of the medulla are spared by both the anesthetics and spinal 
depressants and are affected after toxic doses only 
Whether the spmal depressant action of these agents is direct or is secondary 
to their effects on certain structures of the midbrain is not known Chmcal ob- 
servations and the experimental work of Henneman el cd speak in favor of an 
indirect action. 

The available agents producmg depressant effects on the spinal cord may be 
arbitrarily classified into 4 groups 1) agents producing irreversible paralysis by 
damaging the anterior horn cells, such as tn-o-cresyl phosphate, 2) agents pro- 
ducing reversible paralysis on chrome administration such as dithiobiuret, 3) 
agents causmg transient paralysis and possessing a selective depressant action on 
the mtemeurons, such as the benzinudazole, the glycerol ethers, the 2,2-alkyl-4- 
hydraxymethyl-l,3-dioxolanes, and apo-y3-eiythroidme, and 4) agents which 
depress mtemeurons but do not cause paralysis, such as parpamt 
It IS of mterest that four chermcally difi'erent classes of compounds produce 
similar and highly selective effects on mtemeurons and postural reflexes There is 
no mdication that these compounds affect transmission of impulses mediated by 
acetylchohne Their mode of action is u nkn own and when uncovered may brmg 
to hght new aspects concemmg the transmisaon of impulses m the central nerv- 
ous system. 

The four famihes of chemicals blockmg mtemeuronal transnussion differ from 
each other m the m tensity of this action and in their antagomsm to the efi'ects of 
strychnme, which to some extent is possessed by all Glyketal, the most potent 
mtemeuronal blockmg agent, possesses the weakest anti-strychmne action 
Benzimidazole has the strongest antagomstic action to strychmne and the weak- 
est action on mtemeurons Myanesm possesses both mtemeuronal blockmg action 
and anti-strychnme properties to a marked degree Apo-fl-erythroidme has a 
blockmg action on mtemeurons of an order similar to myanesm Its antagomstic 
action to strychnme has not yet been mvestigated 
Spmal depressants and mtemeuronal blockmg agents are of potential thera- 
peutic value m the treatment of muscle spasm, spasticity, tremor and mvoluntary 
movement They may also be of value for the production of muscular relaxation 
during anesthesia Up to the present, only myanesm has received adequate chm- 
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been assumed by Kabat (75), but this effect would be different from that observed 
by BUlbnng and Bum (27) as it was not antagonized by atropine Neostigmine 
also possessed a direct stimulant effect on the muscle This stimulant action was 
apparent after the cholinesterase was destroyed by di-isopropyl fluoroplios- 
phate (104) 

The value of neostigmine in spastic conditions is still under discusaon and 
investigation 


MORPHINE AND OTHER ANALGESICS 

Wilder (131), investigating the action of morphine on the central neivoua 
sjmtem of cats, observed m acute and chronic spinal pieparations a marked de- 
pression of the flexor and crossed extensor reflexes The knee and ankle jerks were 
either not affected or were slightly augmented In long surviving spinal dogs, 
smgle doses of morphine or methadone caused similar effects Luckhardt and 
Johnson (81), using larger doses of morphine, observed a depressant effect of 
the drug on the knee jerk of spinal dogs 
It appears that morphine and methadone, m doses comparable to those used in 
humans, have httle effect on two neurons arc reflexes but depress or abolish noci- 
ceptive multmeuron reflexes Wikler concluded that these effects may be due to 
a depressant action of morphine on the mtemeurons In view of the strong anal- 
gesic action of these drugs, the abolition of responses to nociceptive stimuli may 
be due to a depressant action of morphme on pam perception The meffectiveness 
of morphme in abolishing reverberating nervous impulses also speaks against a 
direct action of the drugs on mtemeurons 

BARBITURATES 

Beecher e^ al (5) found that the flexor reflex m cats under light barbiturate 
anesthesia was not followed by an after-discharge Dunng ether anesthesia, a 
marked after-discharge was observed From this they inferred that the long- 
cncuitmg of sensory impulses is much more senously curtailed under barbiturate 
than under ether anesthesia Wikler and Frank (132) observed that small doses of 
pentobarbital sodium of the order of 8 mg per kg abolished the flexor and crossed 
extensor reflexes m chrome spinal dogs and slightly depressed the knee jerk and 
ipsilateral extensor thrust Laiger doses of pentobarbital (15 mg per kg) had also 
a depressant action on the knee jerk and extensor thrust and after still larger 
doses all reflex activity disappeared 

The barbiturates and other anesthetics cause a progressive depression of all 
functions of the central nervous system Eccles (39c) and Brooks and Eccles 
C25a) have sliown that pentobarbital blocks synaptic transmission by so increas- 
ing the stabihty of the surface membrane of the motoneurones that the discharge 
of impulses is not imtiated by normally effective sjmaptic potentials Pento- 
barbital also dimimshes the internuncial after-discharge set up by strong stimula- 
tion of the dorsal roots, and greatly prolongs the time constant of decay of , the 
dorsal root potential set up by dorsal and ventral root volleys (39d) Although 
some depression of all components of the reflex pathway has been observed (25a), 
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cal trials Although it has produced remarkable effects m numerous cases, the 
V'alue of the drug is limited It is unsuitable for routine intravenous use because of 
the low solubility and the hemolytic action of the drug The mtravenous use of 
dilute solutions of myanesin during emergencies such as tetanus, strychmne poison- 
ing or status epilepticus may be justified, but intramuscular admimstration which 
should be equally effective and less dangerous would be preferable The oral use 
of myanesm is impeded by the low potency and rapid inactivation of the drug 
In the past, the activity and potential chmcal usefulness of spmal depressants 
has been evaluated in terms of their paralysing potency This cntenon of activity 
IS unsuitable because it is not intended to use these agents chmcally for the pro- 
duction of paralysis It appears probable that the mterneuronal blocking action 
or the antagomstic action to strychmne would be a better cntenon for assessing 
the chmcal potentiahties of these drugs, however, it is not knoivn which of these 
two unrelated pi operties is the more important one This question may be an- 
sweied by chmcal tnals of benzimidazole and glyketal, the results of which may 
indicate new appi caches toward the development of more effective agents of this 
type 
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THE PHAIUIACOLOGICAL ACTI\HTY OF EPINEPHRINE AND 
RELATED DIHYDROXYPHENYLALKYLAMINES 

A M LANDS 

Sierltng-Wtnthrop Ruearch Inalilulc, Rensselaer, New York 

The pharmacology of sympathomimetic amines has been the subject of several 
previous revieiva (33, 116, 117, 247) The large volume of published research 
now available makes it advisable to lumt this review to a part of the entire 
subject 

An attempt has been made to present here the pharmacological actions of 
epmephnne and the structurally related dihydroxyphenylalkylamme derivatives 
on smooth and cardiac muscle The pubhcations cited must be considered merely 
as representative of this field of mvestigation The pnncipal compounds descnbed 
are identified by the commonly used names 

EPINEPHBINE, ‘ADHENALIN’, ‘SUPRARENUJ’, LEVO 1-(3' ,4'-DIHYDKOXy- 
PHENYL)-2-METHVLAinNOETHANOL 

Earher pubhcations have reviewed the isolation, structural determination and 
synthesis of epmephnne (116, 247) A marked nse m blood pressure followmg 
the mtravenous mjection of extracts of the adrenal glands was demonstrated m 
1895 (193), and shortly thereafter the similanty of this response to the effects 
produced by stimulation of sympathetic nerves was descnbed (36, 77, 154, 159) 
More recent mvestigations have mdicated that epmephnne-hke substances may 
be produced m many organs 

The mtravenous mjection of small amounts (1-5 meg /kgm ) of epmephnne 
(63, 77) causes a prompt nse m blood pressure The resultmg nse has been divided 
mto 4 phases as follows, (a) vasoconstnction, (b) decremental phase of (a), (o) 
a secondary nse associated inth stimulation of the vasomotor center, (d) a fall 
below the premjection level A similar analysis by the 3 manometer method of 
Nolf has shown (a) a marked mcrease m stroke volume associated with a distinct 
increase m heart action, (b) a fall m blood pressure mduced by the sinus reflex 
mechanism, (c) a dimmution m the output of the heart, partly reflex m ongin and 
partly the result of dimmished venous return, (d) a penod m which penpheral 
actions are dominant and wherem there is an mcreased stroke volume due to an 
mcreased venous return associated wth constnction of capillanes and veins and 
(e) a fall m pressure as the penpheral action dimmishes (215) The fall in pressure 
below the premjection level which folloivs the pressor response (182) probably 
results from the vasodepressor action of epmephnne (51) or from reflax vaso- 
dilatation (119) There is a marked, but transient, mcrease m the output of the 
heart comcident with an mcrease m heart rate (22, 99), which takes place withm 
a few seconds after mtravenous mjection This nse precedes the penpheral vaso- 
constnction which m turn tends to dimmish cardiac output (22) The sudden 
mcrease m artenal pressure associated with the mcrease m cardiac output stunu- 
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the vagi above the heart (37, 128, 184) A sunilar reflex slowing of the heart, 
associated with an increase in pressure, which may be prev ented by atropme has 
been reported m man (88, 90) Slow mtravenous infusion (10 meg /kg /mm ) in 
mnn has been observed to increase cardiac output without an mcrease m venous 
pressure or heart rate (183) 

The determination of the effect of epmephnne on coronarj' flow is made diffi- 
cult by the mechamcal factors mvolved An mcrease has been reported for sahne 
perfused beatmg hearts (21, 35, 77, 105) Determinations in the heart-lung prep- 
aration of dogs mdicate that epmephnne causes an mcrease m coronary flow 
(174) , this 13 also observed when heart rate and total output are mamtamed con- 
stant (10) Very small amounts (0 1 meg ) have been reported to dimmish coro- 
nary flow without change m cardiac action, uhereas larger doses (1 0 meg or 
more) caused transient constnction followed by dilatation (174) Coronary flow 
was decreased by epmephnne m the human heart-lung preparation (145), this 
reduction was associated with an mcreased vigor and rate of contraction In 
the non-beatmg human heart (145) and m cat, rabbit and dog hearts (137), an 
mcreased flow was observed Isolated nngs of coronary artenes of the ox (153) 
and sheep (60) are relaxed by epmephnne whereas those from man are reported 
to contract with dilutions greater than 1 50,000 and to relax at higher concen- 
trations (145) Stromuhr determination of coronary flow has revealed a decrease 
dunng sjstole but an mcrease dunng diastolic inflow (100, 207) Flow' deter- 
mmations in unanesthetized dogs have mdicated that epmephnne causes a dis- 
tmet mcrease, the mcrease being relatively greater than would be expected from 
the mcrease m mean blood pressure (253) 

The determination of the effect of epmephnne on pulmonary blood flow is also 
made difficult by the simultaneous stimulatmg action on the heart Experiments 
with isolated stnps of pulmonary artenes obtamed from vanous species of am- 
mals and from man have mdicated that epmephnne causes constnction (20, 44, 
60, 170, 186) Rmgs taken from the extrapulmonic artenes respond to dilutions 
of 1 1 milhon to 1 * 10 nuUion by constnction Intrapulmomc artenes gave Kmnll 
and vanable responses but ivith constnction predommatmg (87, 109, 208) Con- 
stnction has also been reported for the perfused pulmonary vascular bed (44, 
91, 198, 249, 256) The vanous results obtamed have been desenbed m a recent 
summary (68) 

j\n mcrease m nght along with a decrease m left auricular pressure has been 
observed followmg mtravenous epmephrme mjection and has been mterpreted 
as an mdication of puhnonary vasoconstnction (198, 257) However, such re- 
sults could be expected to follow an mcreased output from the heart, as desenbed 
earher m this article Numerous experiments mdicate that epmephrme can cause 
pulmonary vasoconstnction (68, 212) but it seems doubtful if this pla 3 fs an im- 
portant role m the regulation of pulmonary blood flow (135) 

Epmephrme is an effective bronchodilator drug This action bag been demon- 
strated on excised tracheal tissue (55, 172, 245, 246) and on the isolated perfused 
lung (233, 240, 252) when contraction bad been mduced by histamme, banum 
chlonde and other bronchoconstnetor agents Rxpenmentally mduced broncho- 
spasm m cats and dogs is readily relaxed by small mtravenous doses (0 01- 
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latea pressoreceptors in the aorta and caiotid mnus and thereby reflady induces 
some vasodilation (119) 

The peripheral effects of epinephrine are quite variable in different organs and 
in the same organ under varying physiological conditions Epinephrine usually 
causes constnction m the cutaneous vascular bed (58, 98, 127) Small amounts of 
epinephnne may cause an mcrease (66, 98, 114, 129) followed by a decrease (199) 
or a primary decrease (67, 199) m blood flow through muscles Slow intravenous 
infusion causes an increase in blood pressure along with a marked increase in the 
volume flowing through the hmbs of expenmentaJ animals and man (5, 130} 
Limb volume and venous outflow studies in the hind hmbs of do^ after the 
removal of the skin reveal only vasodilation after epinephnne whereas in the 
mtact leg the net effect is usually a reduction in volume due to the marked con- 
stnction of the akm vessels (127) In anesthetized cats, mtravenous injections of 
0 5 meg Vkg /mm caused a marked mcrease m the blood flow through the hind 
hmb but this increase dimmished as the rate of injection was increased (102) A 
decrease in the rate of flow through bones has been observed ivith epinephnne in 
perfusion expenments (74) 

Epmephnne frequently increases the volume of abdominal oigans (75, 126) 
and increases the volume flow (5, 19, 75, 126, 192) However, constnction of 
^ mesenteric vessels has been reported (44, 58, 83, 113, 129, 173, 192) Small doses 
of epmephnne may causa an mcrease m portal flow and liver volume with a 
reduction in venous pressure (19, 27, 40, 75, 97, 138, 217), whereas large doses 
cause a reduction in both hepatic flow and hver volume (19, 27, 40, 75, 97, 138, 
173, 180, 217) Epmephnne causes contraction of the splenic capsule (129, 211) 
An initial contraction followed by marked relaxation may occur (129) 

Subcutaneous or mtravenous mjection of epmephnne in man causes tachy- 
cardia, an mcrease m systolic and usually a decrease m diastohc pressure asso- 
ciated ivith a reduction m penpheral lesistance (5, 88, 90, 94, 201) The determi- 
nation of cardiac output, pulse pressure and total peripheral resistance during 
slow mtravenous infusion has led to the conclusion that, m man, epmephnne is 
predommantly a vasodilator agent (5, 94) 

Epmephnne is a potent cardiac stimulant Isolated frog heart preparations 
respond to dilutions of 1 10 milbon to 1 1 milhon by an mcrease m both rate and 
amphtude of contraction Greater concentrations cause arrhythmia and cardiac 
arrest (1, 9, 112, 162, 169) Similaily, mammahan heart strips, excised mam- 
malian hearts and heart-lung preparations respond to epmephnne by an mcrease 
in rate and force of contraction associated rvith an increased oxygen consumption 
(59, 96, 118) Epmephnne causes a reduction m the length of systole and 
shifts the tune of maximum ejection into the early part of systole There is an 
mcrease m contractile activity and this may result in increases m stroke volume 
and cardiac output if peripheral resistance is not too greatly mcreased Doses 
which markedly increase peripheral resistance also mcrease diastolic volume and 
reduce cardiac output and work (110, 204) In the mtact anunal, there may be a 
reduction in the rate of contraction which is prevented by atropine or by cutting 
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articlea cited (33, 104, 247) Epinephrine has been reported to increase the force 
of uterine contractions dunng dehvery, this effect being followed by a short pe- 
nod of diminished activity (258) 

The isolated unnaiy bladder of the cat is contracted by small and relaxed by 
large concentrations of epmephnne (76) Intravenous mjection causes a tran- 
sient contraction which may be followed by a reduction m tonus (159) Activity 
of the ureter of the cat is mcreased and the urethra is strongly contracted (78, 
166) The dog bladder usually responds by a small increase in tonus (78) The 
rabbit bladder may be weakly contracted or may relax (2), whereas the human 
bladder is contracted and rhythmic activity of the ureters is mcreased by epi- 
nephrme (171, 222) 


TABLE 2 


Tha aeule laxtcily of epinephnne 


ANIUAL 

AOUtHTSnUO 

TOXIC DOSE 

ujrruws 





Mouse 

1 V 

2 7 ± 0 2 (LD.o) 

123 


i P 

4 6 ± 0 65 (LDi,) 

149 


a 0 

1 0-1 5 

' 33, 80 



1 9S-2 17 

157 



4 0-8 0 

221, 247 


oral 

50 0 

1 33 

Rat 

1 V 

0 04 ± 0 004 (LD.t) 

123 


1 

0 005-0 05 

33 


8 C 

6 0-10 0 

33 



10 0-20 0 

247 


oral 

30 0 

33 

Rabbit 

i V 

0 2-0 3 

33 



0 05-0 4 

32, 82, 166 


8 0 

10 0-20 0 

33 


1 

1 

4 0-10 0 

26, 247 


oral 

30 0 

33 

Guinea pig 

i V 

0 15-0 2 

157, 216 

Cat 

i V 

0 5-8 0 

33, 247 


a 0 

20 0 

33,247 

Dog 

1 V 

0 2-2 0 

33, 247 


a c 

5 0-6 0 

8. 33, 247 

Human 

ijn 

>7 

124, 181 


Epmephnne, perfused through the supenor cervical sympathetic ganglion of 
the cat, causes depression of the response to repetitive stimulation of the pre- 
ganglionic trunk (175) This inhibitoiy action appears to be similar m nature to 
the mhibition obtamed on the mtestme and bronchi (176) Other investigators 
have reported mcreased transmission with large doses (38) 

Epmephrme is a very toxic drug Data on acute toxicity are summanzed m 
table 2 The symptoms of mtoxication m rats foUowmg mtravenous administra- 
tion are depression, blanchmg of the extremities, dyspnea, loss of muscular 
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0 02 mg /kg ) of epmephnne (42, 95, 131, 134, 195, 231) The inhalation of a 
histamine miat mduces marked bronchospasm m gumea pip This can be pre- 
vented by the previous mtrapentoneal injection of 0 1 mg /kg of epmephnne 
(225) Histamine and acetylcholme mists mduce bronchoconstnction in guinea 
pigs which IS relaxed by epmephnne (214, 244) The inhalation of an epmephnne 
mist has also been found effective m inducmg bronchodilatation m bronchial 
asthma (69, 223) 

The action of epmephnne on the gastro-intestmal tract vanes with the seg- 
ment studied, With the degree of initial tonus and noth the species of animal 
With cat and human stomachs, the pylonc sphmcter is contracted while all other 
parts are relaxed The preantrum of the dog’s stomach is relaxed while the body, 
fundus and cardiac sphincter are contracted (54, 226) The frog stomach may re- 
spond by either contraction or relaxation whereas the turtle stomach is contracted 


TABLE 1 

Effect of epmephnne on the uterue* 


AKlkAL 

M(Uf-OXAVU> 

OBAVtD 

UJXXCCS 

Mouse 



104 

Hat 

— 

— 

104, 107, 141, 168 

Qmnea pig 

- 

— 

104. 107, 168, 179 



*4* 

60, 104, 139, 149 

Rabbit 

+ 

+ 

33, 104, 149, 168, 247 

Cat 

— 

+ 

33, 104, 247, 264 

Dog 

-f- 

+ 

104, 146 


— 

— 

104, 139 

Monkey 

4- 

+1 ^ 

66, 104 

Human 

+ 

+ 

103, 104, 139, 146, 191, 209 


* — inhibitory, -i- conatrictioa 


by epmephnne (29) In anesthetized dogs, small intravenous doses (2 5-20 meg ) 
of epmephnne duninish gastne tonus (226) Epmephnne stimulates the lower 
oesophagus and cardia and mhibits the stomach m cats In rabbits, epmephnne 
mhibits the cardia and contracts the stomach (54) 

Tonus and peristalsis m the email mtestine are diminished by epmepbnna 
Isolated segments of rabbit inteatme are relaxed by dilutions as great as 1 500 
million (125) Segments of gumea pig ileum are relaxed by dilutions of 1 ‘20 
rmlbon but may be contracted by dilutions of 1 1 million to 1 4 million (149) 
The pylonc (50, 140, 229) and ileocecal (60, 66) sphincters are contracted 
Marked mhibition of the intestine follows mtravenous injection of epmephnne 
and the duration of this action parallels that of the pressor action (248) Dener- 
vation of the small intestine mcreases its sensitivity to this mhibitory action 
(260) Epmephnne also causes relaxation of the gall bladder (18, 160) 

The action of epmephnne on the uterus is quite vanable, being mfluenced 
by the condition of the organ (gravid, non-gravid) and by the species of animal 
used These vanous actions have been summanzed m table 1 and m the review 
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articles cited (33, 104, 247) Epmephnne has been reported to increase the force 
of utenne contractions dunng dehvery, this effect being followed by a short pe- 
riod of diminished activity (258) 

The isolated unnary bladder of the cat is contracted by small and relaxed by 
large concentrations of epmephnne (76) Intravenous mjection causes a tran- 
sient contraction which may be followed by a reduction m tonus (159) Activity 
of the ureter of the cat is increased and the urethra is strongly contracted (78, 
166) The dog bladder usually responds by a small increase m tonus (78) The 
rabbit bladder may be weakly contracted or may relax (2), whereas the human 
bladder is contracted and rhythmic activity of the ureters is mcreased by epi- 
nephrme (171, 222) 


TABLE 2 


Tha acute toxialy of eptnephnne 


AKOCAl. 

AflimnnuKO 

toxic Don 

xtjttxnat 



"t lit 


Mouse 

1 V 

2 7 ± 0 2 (LDjo) 

123 


1 p 

4 6 ± 0 55 (LD,,,) 

149 


a c 

1 0-1 5 

33,80 



1 9S-2 17 

157 



4 0-8 0 

221, 247 


oral 

50 0 

33 

Rat 

1 V 

0 04 ± 0 004 (LD,») 

123 



0 005-0 05 

33 


s c 

5 0-10 0 

33 



10 0-20 0 

247 


oral 

30 0 

33 

Rabbit 

1 V 

0 2-0 3 

33 



0 05-0 4 

32, 82, 166 


S C 1 

10 0-20 0 

33 



4 0-10 0 

28, 247 


oral 

30 0 

33 

Guinea pig 

1 V 

0 15-0 2 

157, 216 

Cat 

1 V 

0 5-8 0 

33, 247 


8 C 

20 0 

33, 247 

Dog 

1 V 

0 2-2 0 

33, 247 


8 C 

6 0-6 0 

8, 33, 247 

Human 

IMX 

>7 

124, 181 


Epinephrme, perfused through the supenor cervical sympathetic ganglion of 
the cat, causes depression of the response to repetitive stimulation of the pre- 
ganghomc trunk (175) This inhibitory action appears to be similar m nature to 
the inhibition obtamed on the mtestme and bronchi (176) Other mvestigators 
have reported mcreased transmission with large doses (38) 

Epmephnne is a very toxic drug Data on acute toxicity are summanzed m 
table 2 The symptoms of mtoxication in rata foUowmg mtravenous administra- 
tion are depression, blanchmg of the extremities, dyspnea, loss of muscular 
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coordination u hich may be followed by clonic convulsions and death from respira 
tory arrest (123) Chloroform (158) and cyclopropane (194) increase the sensi 
tmty of the heart to the toxic actions of epinephnne Accidental epinephrine 
mtoxication in man has been reported (124, 181), with mti-amuscular doses of 
5-7 mg not causing death S 3 miptom 8 observed were headache, excessive perspi 
ration, a feeling of constnction in the neck with fullness m the chest, precordial 
distress, mild tremor and voimtmg 

DEXTRO-EPINEPHRINE 

The pharmacological responses to the dextro-isomer of epinephnne appear to 
be qualitatively the same as those obtamed with epinephnne (89) The pressor 
potency of epinephnne has been reported to be 12-51 (64), 20 (234), 18 5 rb 0 7 
(232) times greater than that of the d-isomer The toxicity of the d-isomer is 
distmctly lower than that of epinephnne It is as toxic as this latter drug 
when mjected subcutaneously in rata (64), tV-bV as toxic when injected intra- 
venously m mice (123) and J-J as toxic when mjected intravenously in rabbits 
(247) 

ARTERENOL,* NOR-EPINBPHRINE, l-(3',4'-DIBnrDROXYPHENYL)-2-AMlNOETHAXOI- 

Arterenol was synthesized in 1904 by Stolz and FlScher (230) and by Dakin 
(65) The racemic compound has recently been resolved by Tullar (250) 

The pressor potency of arterenol has been reported to exceed that of epi- 
nephnne, arterenol is 1 25-1 5 times more pressor in dogs when the racemic com- 
pounds are compared (25, 220) The size of the dose injected may influence the 
ratio obtamed Arterenol and epinephnne are reported to be equipressor at small 
doses but an increase in the relative potency of arterenol was observed as the 
dose was increased (179) Arterenol has been reported to bo 1 3 times more pressor 
than epmephrine in cats (179, 237, 254) and the f-isomer 1 7 times more pressor 
than epmephnne m dogs (168) Epinephnne is 1 5-2 5 times more active than 
arterenol in causmg vasoconstnction m the perfused rabbit ear (179) and has 
also been reported more effective in causing vasoconstnction of the renal, mes- 
entenc and femoral vascular beds after intra-artenal injection (4) An equal in- 
crease m coronaiyr flow of the perfused rabbit heart was observed with both 
arterenol and racemic epmephnne (179) A decrease m coronary flow has also 
been reported (4) 

Arterenol has been reported to be less stimulating than epmephnne on the 
perfused frog heart (254) Equal effects on rate and amplitude of the perfused 
rabbit heart (179) have been reported when the racemic salts were compared 
Equipressor doses of the Z-isomers were reported to be equally stimulating on the 
dog heart in siiu (168) or on the denervated heart (259) In other expenments, 
arterenol has been reported to be 17 tunes more stimulating than epi- 
nephnne (62) 

The effects of intravenous mfusion of 10-20 meg /kg /mm Z-arterenol for d 

• Arterenol and other optically active sympathomimetno amines are referred to aa the 
racemic compound unless otherwise designated Epinephnne is the 1 base 
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minutes m 7 normal adults were compared with those obtained with this dose of 
epmephnne Arterenol caused bradycardia, whereas epinephrine caused tachy- 
cardia The subjective effects of arterenol were insignificant whereas ivith epi- 
nephnne there was mild palpitation, hyperventilation, tightness m the chest and 
muscular fatigue (23) Intravenous infusion of lesser amounts (0 11-0 4 meg / 
kg /mm ) of f-arterenol for 14 to 22 minutes caused either no change or a de- 
crease m caidiac output, a significant nse of systohe and diastohc arterial pres- 
sures With a rise of mean pressure, an increase m total penpheral resistance, a de- 
crease m pulse rate and a sigmficant nse m mean pulmonary arterial pressure (94) 
Isolated segments of small mtestme are relaxed by arterenol The relative 
activity vanes with the species of animal used, the inhibitoiy potency of epi- 
nephrme is reported to be equal to that of arterenol in the cat, but greater m the 
rabbit and rat (4, 79, 168, 179) Racemic epmephnne and arterenol have been 
reported to be equally active on the isolated guinea pig ileum (179) Epmephnne 
was found to be 1 4 times more active than arterenol when the f-isomers of both 
compoimds were used (168) 

The isolated cat uterus is mhibited by arterenol, but leas readily than by epi- 
nephnno (25) Inhibition of the isolated gumea pig uterus requires 2 5-10 times 
more arterenol than epmephnne (25, 149, 169) The isolated rat uterus, stimu- 
lated with acetylchohne, is relaxed by i-arterenol in a dilution of 1 10 milhon- 
1 3 milhon or at concentrations 30 times greater than the effective concentration 
of epmephnne (168) 

The bronchioles of the isolated perfused gumea pig lung are dilated by racemic 
arterenol m doses 7-17 tunes greater than the effective dose of epmephnne (168, 
179, 240) Bronchoconstnction, mduced m unanesthetized gumea pigs by mhala- 
tion of histamine mists, may be prevented or dimmished by the parenteral ad- 
ministration of arterenol However, the dose reqmred is about 3 times greater 
than that required for epmephnne (168) Studies m pithed dogs have shown epi- 
nephnne to be 7 4 times more active than arterenol m relaxing bronchoconstne- 
tion mduced by arecohne (195) Histamme-mduced bronchospasm, m this prep- 
aration, was found to be more readily relaxed by epinephrme, arterenol bemg 
only moderately effective m producing bronchodilatation (42) 

,The central nervous system stimulation of arterenol and epmephnne was 
compared m rats Epmephnne was found to be about tince as stimulatmg as 
l-arterenol (168) This is somewhat at vanance with an earher report which m- 
dicated no central nervous system stimulation from dZ-arterenol (219) 

The acute toxicity of arterenol is somewhat less than that of epmephnne 
The vanous results obtained are shoivn m table 3 (p 286) 

The pharmacologic activity of the d-isomer of arterenol is qualitatively the 
same as that of the 1-isomer but the potencj is much low'er The relative potencies 
of the d-isomer, expressed as multiples of the effective dose of the l-isomer, have 
been reported as follows vasopressor and cardiac action — 27, inhibition of the 
gumea pig ileum — 62, mhibition of the isolated rat uterus — 4, dilatation of the 
bronchioles of the isolated perfused gumea pig lung — 50, 60, bronchodilatation by 
the histamme mist method — 20 (168) 
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The acute intravenous toxicity of d-arterenol m mice and rata is shown in table 
3 The d-isomer is distinctly less toxic than the Z-isomer 

HYDROXVTYRAMINE, I-(3',4'-DIHYDR0'?YPUENYL)-2-AMIN0BTnANE 

The pressor action of hydroxytyramine la much less than that of arteronol or 
epinephnne Results obtained on cats and dogs suggest that it is as potent 
as epinephnne ( 6 , 25, 108, 235) Action on the dog heart-lung preparation and on 
the isolated perfused cat heart mdicates a potency of about A- that of epinephnne 

TABLE 3 


Th« acul» loxtctiy of arUrenol 


AVUUt 

ORoa 

AOUlKUrCRCO 

TOXIC DOSX 

ixmxm 

Mouse 

lovo 

i V 

5 0 ± 1 0 (LD,o) 

123 


rooomio 

i V 

7 6 ± 2 0 (LDi,) 

123 


racemic 

1 V 

0 8 ± 1 9 (LD») 

71 


racemic 

i V 

6 0 (LDo-m) 

179 


doxtro 

1 V ! 

60 0 ± 20 0 (LD,,) 

123 


roccmio 

> p 

12 0 - 30 0 (LD»-|9) 

170 


racemfo 

* p 

1 15 6 ;:b 3 8 (LDift) 

71, 149 


rooeraio 

8 0 

i -10 0 

33 

Rat 

lovo 

1 V 

0 10 ± 0 01 (LDio) 

123 


' rocemio 

i V 

0 13 ± 0 03 (LDu) 

123 


dextro 

1 V 

1 40 ± 0 14 (LD,,) 

123 


racemic 

s c 

>3 0 

23 

Rabbit 

racemic 

1 V 

0 25-0 30 

33 


racemic 

I V 

1/2-1/3 opinephriDO 

247 


(108) In the perfused hind limb of the dog, hydroxytyramine is ?tj- (108) and 
m the perfused rabbit ear (92a) as active as epinephnne 

Dilator action on the bronchioles of guinea pigs, dogs and cats is - 5(7 that of 
epmephnne (7) Isolated intestinal segments are relaxed by hydroxytyramine 
when present in concentrations 17 (cat) or 20-40 (rabbit) times that of epi- 
nephnne (108) Similarly, the non-pregnant cat uterus is relaxed by doses 80-85 
times greater, the uterus in silu by doses 100 times greater than the effective 
dose of epinephnne (108) 

‘EPININE ’, 1 - (3',4'-DIH YDRO Y1 PnENYn)-2-METHyLAUINOETHANE 

The pressor potency of ‘Epinino’ has been reported as | that of raceraie epi- 
nephnne (25) Compansons with epinephnne indicate a pressor potency J-A 
cats (61, 131) and 4- A m dogs (121, 149, 234) 'Epinme' acts like epinephnne 
on penpheral blood vessels, causing dilatation in small doses and dilatation 
followed by constnction with larger doses (197) Constnction of renal vessels 
has been desenbed (197, 202) 

Bronchodilatation in isolated perfused guinea pig lungs in which constnction 
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wa 3 induced by histanune, banum chlonde or pilocarpine was found to require 
50 times more Epmme than epmephrme (149, 240) Bronchodilatation m dogs, 
m which constnction uas induced by arecohne or histamine, was ohtamed by 
doses of 0 4-1 0 mg Ag (42, 195) 

Isolated segments of rabbit small intestine (12, 73) and rat colon (92a) are 
relaxed by ‘Epimne’ m doses 100 times the effective dose of epmephrme Isolated 
segments of gumea pig ileum are relaxed by low concentrations (1.4 million) but 
contracted by higher concentrations (1*400,000) (149) The pupil of both the 
rabbit and cat is dilated by Epimne at 10 times the effective dose of epmephrme 
(73) The retractor penis of the dog is contracted by mtravenous doses of 10-25 
mcgAgj being somewhat less active than epmephnne (167) The isolated 
non-gravid uten of rahbits and gumea pigs are contracted by concentrations of 
1*4 milhon (149) 

‘KEPHHINE’, ADRENALON, 3 ,4-DrHTDROXYPHENYL METHYLAMINOMETHYI, KETONE 

TCephrme’ has been reported to bedistmctlylesspressorthanhydroxytyramme 
(25) Pressor potencies relative to epmephrme are somewhat vanable, being re- 
porteda3l/200 (132), 1/150 (234), 1/80(111, 149) Bronchodilatation m isolated 
perfused gumea pig lungs reqmres doses approximately 10 times greater than 
those of epmephnne (149) The isolated gmnea pig ileum is relaxed by concen- 
trations 10-20 times greater than those for epmephnne The isolated gmnea pig 
uterus IS relaxed whereas the rabbit uterus is contracted by dilutions of 1;1 
milhon (149) Acetylchohne induced activity of the isolated rat uterus is dimm- 
ished by concentrations 23 times greater than eqmactive concentrations of 
epmephnne (92a) 

Acute mtrapentoneal toxicity m mice is distmctly lower than that of epi- 
nephrme An LDso value of 902 ± 25 mg /kg , or 196 tunes that of epmephrme, 
has been reported (149) The toxic dose mtravenously m rabbits is 30 mg /kg , 
subcutaneously m mice, 2000 mg Ag (33) 

‘COBEFRIN’, CORBASIL, l-(3',4'-DrffiT)ROXYPHENTI.)-2-AiIINOPHOPANOI. 

The pressor potency of ‘Cobefrm’ m dogs folloimg intravenous mjection has 
been reported to be one-half that of epmephrme (213) Similarly, mtravenous m- 
jection mto cats gave a pressor potency of 0 3-0 4 that of epmephrme (238, 241) 
With mtravenous infusion m dogs, pressor potency was found to be J that of 
epmephnne (213) Both epmephrme and arterenol are reported to be more 
vasoconstnctor than ‘Cobefrm* when these drugs are mjected mtraartenally (4) 

The heart is strongly stimulated by ‘Cobefnn’ and responds to effective doses 
by an mcreased output, dimmished diastohc and systohc volumes, decreased 
stroke amplitude and mcreased rate By companson with epmephrme, it is 4 3 
times more stimulatmg (62) It is also less effective than epmephnne and dioxy- 
ephednne m mcreasmg coronary flow m the isolated perfused rabbit heart (4) 

The bronchodilator action of ‘Cobefrm’ m the isolated perfused gumea pig lungs 
13 that of epmephrme Histamine bronchoconstnction m anesthetized dogs is 
antagomzed by ‘Cobefrm’ m doses of 1-3 mg /kg (42) Isolated segments of the 
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small mtestme of the rabbit are relaxed by 2-5 times the effective concentration 
of epmephnne (73, 215) The effective concentration for relaxation of the isolated 
rat uterus is 10 times that of epmephnne (92a) 

The levo-isomer has been reported to be 2-3 times more effective than epi- 
nephnne on the mtestme and 200 times more potent than its dextro-isomer (79) 
Both epmephnne and arterenol are reported to be more stimulating on the ureter, 
dilator pupillae and nictitating membrane (4) No stimulating effect on the cen- 
tral nervous system of rats was observed with subcutaneous injections of 0 25- 
5 00 mg Ag- (219) 

DIOXY-EPHEDRINB, l-(3',4'-DIHYDROXyPHENyL)'2-METHYLAMINOPROPANOL 

The blood pressure response to dioxy-ephednne is somewhat vanable Some 
investigators have found this drug to be distinctly pressor, with a dioxy-ephed- 
nne epmephnne dosage ratio of 41-140 (61, 238, 240) A fall m pressure follows 
a transient rise and the magmtude of both these responses vanes with the dose, 
the depressor response being prominent with small doses (0 5-100 meg Ag ) 
diminishing as the dose is increased (61, 215) Cardiac stimulation is less than 
with epmephnne, the potency ratio being 10 15 However, a better amphtude 
contraction is mamtamed (62) Dioxy-ephednne induces penpheral vasoconstne- 
tion and dimimshes the cardiac output of cats (188) In the perfused hind leg 
of the cat, an epmephnne vasoconstnetor ratio of 31 4 has been obtained (187) 

The isolated rabbit utenis is stimulated but this action requires a drug con- 
centration 50 times greater than epmephnne (215) The isolated guinea pig in- 
tealme is relaxed by doses 5 tunes larger than the effective dose of epmephnne 
(215) Bronchodilatation of the isolated perfused guinea pig lung requires doses 
14 7 times greater than the effective dose of epmephnne (240) Histamme-in- 
duced bronchoconstnction m dogs was found to be effectively relaxed by intra- 
venous doses of 1-2 mgAg and dioxy-ephednne was therefore rated as an 
excellent bronchodilator (42) 

No central nervous system stimulation m rats was observed after subcutaneous 
injections of 1-40 mg Ag (219) 

The mmimum lethal dose intravenously in rabbits is about 1 0 mgAg > 
produces marked pulmonaiy edema (215) Subcutaneous doses of 40 mg.Ag m 
rats caused only a 10 per cent mortahty (219) 

‘BUTANEFBINE’, ETHYLNORSOTRABENIN, l-(3',4'-DIHYDR0Tn’HENyL- 
2-AMlNO-l-BTn’ANOL 

Butanefrme is predominantly a depressor drug Intravenous doses of 0 1-1 0 
mg Ag cause a sharp fall of blood pressure in anesthetized cats which lasts about 
9 minutes (238) Pressor action becomes apparent only after repeated mtra- 
venous injections, the depressor response is then replaced by a diphasic action 
which after further doses is replaced by a purely pressor response (41, 43) In 
the cat leg perfused -with Locke solution, when the doses of ‘Butoefrm''’and epi- 
nephrine were matched quanUtatively by repeated mjections, ‘Butanefrme’ was 
reported to have a mean constnetor potency 1/1273 ± 190 that of epmephnne 
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Small doses of the drug were found to be without effect When defibnnated 
blood was substituted for Locke’s solution, the potency for constnctor action was 
1/238 rt 15 3 (43, 187) This suggests that the presence of small amounts of 
epmephnne (or sympathm) is important for this vasoconstriction Recent ex- 
periments have shown that small amounts of epmephnne or adrenochrome noil 
restore vasoconstnction m perfused rabbit ears when the constnctor response 
has been exhausted by sympathetic nerve stimulation (70) Excised hepatic veins 
are constncted by ‘Butanefnne’, the epmephnne ratio being about 50 Simulta- 
neously ivath the fall of blood pressure, after mtravenous admmistration, there 
IS an mcrease m limb and mtestmal volumes, a nse m portal and venous pres- 
sures and a constnction of the hver Poohng of blood m the splanchmc bed has 
been suggested as the prmcipal cause of the fall m blood pressure (41) 

The cardiac action of ‘Butanefnne’ in the Starlmg heart-lung preparation was 
less than that of epmephnne The epmephnne ratio for cardiac output was 5 3 
± 1^, for systohc volume, 6 2 ± 1 9 (41) 

‘Butanefnne’ is an effective bronchodilator drug but m the excised perfused 
gmnea pig lungs the doses required are about 71 tunes greater than those of 
epmephnne (240) Histamme bronchoconstnction m anesthetized dogs is readily 
diminished or abolished by the mtravenous mjection of 1 0 mg Ag of ‘Buta- 
nefrme’ Inhibitoiy action on the isolated rat colon is approximately twice 
greater than that of epmephnne (92a) 

The mtravenous, mtramuscular or subcutaneous aclmmistration of 0 5-2 0 
mg /kg was found effective m rehexong bronchial spasm m asthmatic patients 
'These doses cause a distmct decrease m diastohc withoutasignificant change m 
systohc pressure The pulse rate is moderately increased Subjective side-effects 
such as precordial pam, nausea, vomiting and excitation are reported to be less 
than xvith epmephnne (239) 

Acute intravenous toxicity (LDso) m mice was found to be 117 ± 1 04 mg /kg 
for ‘Butanefrme’ and 0 98 ± 0 184 mg /kg for epmephnne (239) 

‘ISUPREL’, ‘ALEUDBINE’, l-(3',4'-DlHYDnOXYl>HENYL)-2-ISOPROPYL- 
.UHNOETHANOL 

‘IsupreT, like ‘Butanefnne’, is a potent vasodepressor drug The inhibitory 
actions characteristic of epmephnne have been enhanced by the replacement of 
the methyl group on the mtrogen by an isopropyl group Intravenous mjection 
causes a marked fall of blood pressure m anesthetized or decapitated cats, dogs 
and rabbits (4, 149, 150, 179) Intravenous mjection of 0 6-1 0 meg /kg mto 
anesthetized dogs causes a 38-46 mm Hg fall m blood pressure lasting 3-17 
mmutes (149, 150) Intramuscular or mtra-mtestmal mjection of 0 10-0 25 
mg /kg causes distmct falls m pressure lastmg more than 200 mmutes Similar 
results are obtamed m unanesthetized dogs after oral administration (150) 
Intra-artenal injection of ‘Isuprel’ causes a reduced penpheral resistance in the 
renal, mesenteric and femoral vascular beds (4) Subcutaneous administration 
of 0 15 to 1 0 mgm. to man causes a marked mcrease m pulse pressure, due m 
part to a reduction in diastohc pressure Occasionally, systohc pressure may 
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increase slightly, this appears to result from increased cardiac action Similar 
results have been obtained after sublingual administration (179) ‘Isuprel’, m 
these doses, is a potent vasodilator drug (190, 229) 

The dog heart-lung preparation reveals a marked cardiac stimulation as evi- 
denced by an increase in stroke and imnuta volume, a reduction mnghtauncular 
pressure and a marked increase in rate (143) The isolated perfused frog, cat and 
rabbit hearts are stimulated and there is a distinct increase in both rate and 
amplitude (149, 150, 179) The isolated frog and cat heart give positive motropio 
and chronotropic responses to Tsuprel’ and this drug is 10 tunes more potent than 
epinephrine m inducing these changes (161) An analysis of the effect on the heart 
reveals a marked mcrease m stroke volume and work per beat As with epi- 
nephrme, theie was a distinct reduction m the duration of systole (204) Myo- 
cardiograms of the dog heart in situ (149) and pulse rates in anesthetized and 
unanesthetized dogs reveal marked tachycardia after mtravenous doses of 1 0 
meg /kg and after mtramuscular or oral doses of 01-02 mg /kg (149, 150) 
Cardiac inhibition m man, mduced by the application of pressure over the 
carotid smus, can be prevented by pnor medication with 'Isuprer The in- 
creased sympathetic tone mduced by this drug is dominant and therefore 
prevents the appearance of vagal effects This stimulant action appears to be 
largely on the sinus node, lower auncular foci or aunculo-ventncular node and 
seldom on lower ventricular foci By contrast, epmephrme and tirterenol were 
reported frequently to induce foci from lower ventricular centers (190) 
Histamme bronchoconstnction m the isolated perfused guinea pig lung prep- 
aration is readily relaxed by ‘Isuprel’ In this action, it seems to be somewhat 
more effective than epmephrme (179, 225) The bronchoconstnction mduced by 
horse serum m sensitized guinea pigs is abolished (225) and pilocarpme-mduced 
bronchoconstnction m anesthetized dogs, is readily antagomzed (142) In the 
latter preparation, it is about 10 times more potent than epinephnne. ‘Isuprel’ is 
about 1 5 times more potent than epmephrme in protectmg unanesthetized 
guinea pigs from histamme mists (225) 

‘Isuprel’ has been reported to be an effective bronchodilator drug in man and 
to be useful m thetreatmentof bronchial asthma It is effective when administered 
mtravenously (0 5-1 0 mg ), subcutaneously (1 0 mg ), by inhalation (1 0 per 
cent solution) or orally (10-12 5 mg ) These doses cause some tachycardia and 
palpitation, a small mcrease m erystolic and usually a decrease in diastolic pres- 
sure (143, 150, 239) Following the inhalation of 0 5-1 0 per cent solutions, there 
18 a marked mcrease m vital capacity of asthmatic patients and of subjects with 
bronchoconstnction induced by histamme or ‘Mecholyl’ (223) 

Isolated intestmal segments are relaxed by concentrations equal to or some- 
what less than those of epmephrme (4, 28, 143, 149, 150) The rabbit small m- 
tefitme and colon in siiu are promptly relaxed by mtravenous doses of 0 03-0 05 
mg Ag Isolated uten of the rabbit and guinea pig, stimulated by histamine or 
pituitrm, are relaxed by dilutions of 1 40 million (149, 179) The denervated 
mctitating membrane of the cat is not contracted by doses of more than 100 
meg Ag (1^3) retractor penis is relaxed by mtravenous doses of 1-2 
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The acute intravenous toMcity (LDso) m mice is 77 ± 7 mg Ak , mtrapen- 
toneal to'acitv 494 ± 14 mgAg Subcutaneous injections of 2-20 mg /kg m 
dogs cause salivation, restlessness, vomiting, cardiac arrhythmias and occasion- 
ally death at 15-20 mg /kg Subacute and chrome toxicity deterrmnations also 
suggest that this drug has low toxicity (71) 

GENERAL CONSIDERATIONS INVOLVED IN SYMPATHOJUMETIC DRUG ACTION 

The similanty of the action of epinephrine to sympathetic nerve stimulation 
(36, 46, 50, 164) has been emphasi 2 ed previously in this review Secretion of this 
hormone by the adrenal gland is probably continuous and it has been deter- 
mined that cats and dogs secrete about 0 023 meg /kg /min (228) Large 
amounts may be secreted in emotional states and this observation has given nse 
to the theory that epinephrine aids the orgamsm in carrying out the activities 
associated with pam, fear and anger (45, 47, 49) Recent mvestigations have 
demonstrated the presence of Larterenol m extracts of the adrenal medulla 
(84, 93, 122a, 251) The l-isomer has been isolated from commercial epinephrine 
m pure form (251) and its content estimated as 10-18 per cent of the total (11) 
These results compare favorably with determinations of the 2-arterenol content 
of fresh gland extracts (84) Adrenal medullary tumors have been shown to 
contam large amounts of 2-arterenol, this substance accountmg for a major 
portion of the pressor action obtained from extracts of these tumors (93, 122). 
Experiments m eviscerated spinal cats with the kidneys excluded from the circu- 
lation have provided evidence that splanchmc nerve stimulation causes the 
hberation of both epmephnne and arterenol from the adrenal gland It was 
estmiated that the arterenol content vaned from less than 20 to as much as 80 
per cent of the total active matenal secreted (39) 

The possibihty that epmephnne, 2-arterenol or other substances are hberated 
at sympathetic nerve endings and are the mediators of the nerv’e impulse has been 
suggested (13, 50, 72, 165, 193) Stimulation of the sympathetic nerves to the 
heart, hver, mtestme, uterus, pilomotor muscles and other organa hberatea a 
humoral sympathomimetic substance (or substances) which has an effect on the 
denervated heart, mctitatmg membrane, mtestme, ins and other mdicator organs 
sunilar to that of epmephnne (34, 46, 48, 52, 53, 56, 136, 206, 210) This possi- 
bihty was strengthened by the observation that the response to the hberated 
substance was mcreased by denervation or by cocainization Concentrates of 
solutions obtained by perfusion of stimulated organs were found to have an 
ultraviolet absorption spectrum quite sumlar to that of epmephnne (16, 17), were 
rendered macbve upon axposure to air or heat (155), gave the Viale color reaction 
(13) and a green fluorescence when axposed to strong alkah These data suggest 
that epmephnne is hberated by nerve stimulation However, certain observations 
are not wholly m accord with the assumption that epinephrme is the only sub- 
stance hberated The pressor response to arterenol m ergotammized decapitate 
cats resembles the response to hepatic nerve stimulation more than that to 
epmephnne (227) An analysis of the physiological responses to epmephnne, 
arterenol and hver sjmpathm also supports the assumption that hepatic nerve 
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stimulation releases a substance which lesembles arterenol (101, 196) Subse- 
quently, it was shown that these arterenol-hke extracts do not give the fluores- 
cence reaction which characterizes epinephrine (92) Extracts of mammalian 
adrenergic nerves, bovine and mammalian blood, spleen heart and unne have 
been described as containing arterenol or an arterenol-hke substance (15, 85, 
122a) Inasmuch as both epmephrine and 1-arterenol are obtained from the 
adrenal medulla, it is not improbable that these substances would be obtained from 
adrenergic nerve fibers and from organs which contain a large number of adrener- 
gic nerve fibers The chroma ffin cells of the adrenal medulla are analogous to the 


TABLE 4 

The effect of varying the N-alkyl group on the adrenergic inhibitory potency of 
aympathomimelic amines 


CHOHCHiNH R 


„ siUTTV* AcnviTt 

(In temu of maluplo of the elective dose of ncemfc eptnephrioe) 


Coin^uod 

1 

SUacture R 

Uterus 

Bronchioles 

Rat 

Cubes pljf 

Crulaea pif 

! (164) 

1 

I91a) 

(1«) 

(179) 

1 

(IM) 

(179) 

OJ) 

1* 

H 


75-300** 

10 

2 5 


17 

5-7 1 

140 

2* 

CH, 

n 

i 

1 

1 

1 

1 

1 

1 

3 

C,H. 

■i 

0 5-10 


1 


1 


1 

4 

CH(CH,), 


[0 5-10 

0 1 

1 




0 7 

6 

C.H, 




D3i 



3-5 


6 


■ 



1 






* For compounds Nos 1 and 2, in references 148 and 168, the comparison is on the basis 
of the /-isomers, 179 and 225, racemic compounds used for comparison, 254, racemic No 1 
with /-isomer of No 2 

** l-Arterenol was used in this investigation 


postgangliomc sympathetic neurones As with adrenal medullary cells, stimula- 
tion may cause the hberation of both of these substances 
The theory has been advanced that f-arterenol is identical with sympathm E 
and that this substance plays an essential role in the transmission of adrenergic 
excitatory nenm impulses (101, 227 ) However, the inhibitory action of /-arterenol 
IS quite marked and can be demonstrated easily Examination of the data shown 
in Tables 4 and 5 mdicates, in an approximate manner, the relative inhibitory 
and excitatory actions of both epinephrine and arterenol The guinea pig uterus 
IS inhibited by these drugs when stunulated or when showmg spontaneous ac- 
tivity and axcited when m a qmescent state The inhibitory dose is 2 5 times 
(table 4) and the excitatory dose 2 times that of epmephrme (table 5) This 
suggests that arterenol has the same action as epmephrme for this organ but is 
somewhat less potent /-Arterenol is more effective than epinephnne in causmg 
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relaxation of the isolated rat colon (92a) The vasoconstnctor potency of epi- 
nephrine 13 1 5-2 5 times greater than f-arterenol m perfused rabbit ears (168). 
Similarly, arterenol and racemic epmephnne were compared as vasoconstnctors 
m dogs The drugs were rejected mtra-artenally and the resultant change m 
vasomotor resistance determmed Epmephnne was more vasoconstnctor m the 
renal, equal m the mesentenc and less m the femoral circulation (4) The simi- 
lanty of the vascular response to these substances is also illustrated by figure 1. 
It will be noted m this experiment that the differences in response between 
epmephnne and 1-arterenol are quantitative rather than quahtative By com- 


TABLE 6 

The effect of tarytng the N-alkyl group on adrenergic inhibitory and excitatory actions 
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N-dimethyl analog, cat non-gravid uterus, 1, 1/60, blood pressure of spinal cat, E, 1/25, 
anesthetized dog, 1/40 {251a), spinal dogs, 1/30-1/50 (230a) 

* E, excitation or pressor response, I, inhibition or depressor response 

t E followed by I Ratio based on changes observed, whether pressor or depressor 
t Results estimated from published graph showing responses at various dose levels 

* 1-Arterenol was used in this investigation 


panson, the vascular response to'Isuprel’ isvasodJatoronly Equal vasoconstnc- 
tor potency was observed mth the Z-isomers of both drugs m the isolated perfused 
dog lungs (144) The greater pressor potency of Z-arterenol may result from 
greater vaaoconstnction m some vascular areas, as noted above for the femoral 
circulation, from greater stimulation of the heart (m which the drug is reported 
to he almost 2 times more stimulatmg than epmephnne (62)), or from a combina- 
tion of these two effects Arterenol has been reported to be more excitatory than 
epmephnne to the pregnant cat uterus Excitatory action is equal or less m all 
other organs exammed (254) Similarly, the inhibitory action of arterenol can bo 
demonstrated with those organs mhibited by epmephrme but it is less than 
that observed with the latter substance The observation that adrenolytic drugs 
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which readily reverse the pressor action of epinephrine depress but do not reverse 
the pressor action of arterenol is diflScult to understand (86, 185) It is mteresting 
to note that the pressor action of arterenol is reversed in ergotaminized cats 
However, the dose of arterenol required to produce a vasodepressor response is 
about 20 tunes greater than the vasodepressor dose of epmephnne The signifi- 
cance of this observation is uncertain inasmuch as the mvestigators report that 
arterenol did not cause vasodilatation in perfused hind limbs of cats treated with 
Dibenamine (255) 

Neither epmephnne nor arterenol is purely excitatory Epmephnne appears 
to be equal or more active than arterenol as an excitatory agent m most sympa- 
thetically innervated organs Arterenol hberation may be important for vaso- 
constnction but its function m other organs where it is much less potent than 
epmephnne is not clear Inasmuch as it does not differ greatly from epmephnne 
as a vascoconstnctor agent, it is diflScult to assign to it functions that could not 
be equally well explamed by the release of epmephnne alone However, 
1-arterenol is secreted by the adrenal medulla and is probably released by the 
stimulation of adrenergic nerves If /-arterenol is an mtermediate m the synthesis 
of epmephnne, rapid secretion or an arrest at the ter mi nal stages of synthesis 
(15) of this hormone might lead to the appearance of some of the mtermediate 
substance or substances m the circulation 
It IS generally agreed that epmephnne is formed from tyrosme Suggested 
steps m this synthesis are 

a Introduction of the second phenohc hydroxyl group (dopa) , 
b Decarbaxylation (hydroxytyramme), 
c Introduction of the side cham hydroxyl group (arterenol) , 
d N-methylation (epmephnne) 

It has been suggested that reaction (b) must precede (d) and follow (a), smce 
both tyrosme and N-methyl-dopa apparently are not decarboxylated Perfusion 
of the suprarenal gland of the coiv with N-methyl-dopa does not give rise to 
epinephnne These data suggest that the primary amme is formed first and that 
the secondary amine is produced from it by N-methylation (30) 

Barger and Dale suggested that the primary ammes are imperfect sympa- 
thomimetic substances, that their action is mainly excitatory and that they do 
not possess all the inhibitory effects of epmephnne Investigation of arterenol 
denvatives in iihich there are groups larger than methyl substituted on the 
nitrogen has disclosed that still greater inhibitoiy potency is obtamed with some 
of these analogs 

The rat uterus and gmnea pig bronchioles respond to epmephnne and other 
related sympathomimetic ammes by relaxation only and may, therefore, be used 
as mdicators of relative inhibitory potency (table 4) The primary amme (No 
I — ^arterenol) is distmctly less active than the N-methyl analog (No 2 — epi- 
nephnne) The N-ethyl denvative (No 3) equals or exceeds the N-methyl com- 
pound m mhibitory action The greatest potency is obtained with the N-iso- 
propyl (No 4) and N-tertiaiy butyl (No 6) compounds TheN-n-propyl (No 5) 
compound is much less potent than the N-isopropyl derivative and is comparable 
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to the primary amine as an inhibitory agent These data suggest that the adrenei- 
gic inhibitory receptors respond more readily to compounds m which there is an 
N-alkyl substitution and m which the substituent is methyl or denvatives ob- 
tained by repiacmg the hydrogens of the methyl group by other methyl groups 
(Nos 3, 4 and 6) This structural requirement for high inhibitory action was 
first pomted out ivith a senes of phenolic denvatives (151, 178, 179) The impor- 
tance of this arrangement is readily seen by companng compounds No 3-6 Na 
3 may be considered as 

H 

— NH— C— CH, 

H 

With a single methyl group substituted for one of the hydrogens, and Nos 4 
and 6 as havmg tivo and three methyl groups, respectively When the methyl 
substituent of No 3 is replaced by an ethyl group (No 6), inhibitory potency 
IS greatly reduced 

Interestmg results are obtamed m organs m which both adrenergic mhib- 
itory and excitatory actions are demonstrable Representative results are shown 
m table 5 Denvatives m which the substituent on the nitrogen is ethyl, methyl 
or hydrogen are excitatory and, except possibly for action on the mctitating 
membrane and blood pressure, the N-methyl denvative (No 2 — epmephnne) is 
the most potent Compound No 3 is interesting in that both pressor and de- 
pressor actions are obtained Also, compound No 2 may cause depressor 
responses under some conditions If pressor responses alone are considered, we 
might assume that excitatory action is greatest with the primary amine (No 1) 
and dimimshes progressively with methyl, ethyl, isopropyl and tertiary butyl 
substitution However, the pressor response is the result of a complex reaction 
in which an increased output of the heart and changes m splanchmc, skeletal 
muscle and skin blood volumes all contribute As previously pointed out, epi- 
nephrine equals' or exceeds arterenol as a vasoconstnctor agent when the action 
IS determined by perfusion 

The isolated rabbit or guinea pig uterus provides a comparatively simple 
indicator of inhibitory and excitatory action Results obtained ivith both of 
these preparations suggest that the N-methyl denvative epmephnne is most 
excitatory This action is less with the primary amine and the N-ethyl denvative 
and IS not observed with compounds contaimng larger N-alkyl groups The action 
of these latter substances is predominantly inhibitory Inasmuch as these uten 
respond by both excitation and inhibition to some drugs m this senes, it seems 
probable that both adrenergic inhibitory and excitatory receptors are stimulated 
by each drug in varying degrees Motility of the guinea pig uterus may be in- 
creased (table 5) or dimimshed by all of these predominantly excitatory com- 
pounds (table 4) As with changes in blood pressure, it may be more accurate to 
consider these uterme responses as the net result of two opposing actions 

The alcohohc hydroxyl on the side cham is important for both excitatory and 
inhibitory actions This is illustrated by the results sho\vn in table 6 Compound 
No 2 (racemic epmephnne) is twice as potent a uterme stimulant as the corre- 
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sponding ethane derivative (No 9) The N-methyl ketone denvative (No 14) 
13 about 1/200 as potent as No 2 With histamine-constncted bronchi. No 2 is 
distinctly more active than either Nos 9 or 14 This mdicates the importance of 
the alcoholic hydroxyl for both excitatory and mhibitory actions Further evi- 
dence 13 obtained by companng the N-isopropyl denvatives Nos 4, 11 and 16 
When the alcoholic hydroxyl is replaced by hydrogen, mhibitoiy potency is di- 
mmished more than 200 times, by oxygen, the compound is mactive 


TABLE 6 


The effect of the alcoholic hydroxyl on sympathomimetic potency 


R' 

CHCHjNH R 



OH 


MLATTVZ ACTIVITY 

(In tenm of mnlliplts of elective doso of rAccmlc cpioephHoe) 


Com 

pound 

No. 

Structure 

DtefUl* 

lUbblt 

(149) 

Broacbl 
oIei*nineA 
Pit (149) 

Colon rAt I 

(92*) 

Blood prtisure* 

R 

m 

dot (149) 

(31 (2i) 

1 

H 

OH 

E, 2 0 

I, 140 

I, 0 2-1 0** 

E, 0 67 

E, 0 7 

2 

1 CH, 

1 OH 

E, 1 0 

I.l 0 

1,1 0 

E, 1 0 

E, 1 0 

3 

C,H, 

OH 

E, 2 0 

I.l 0 

I, 1 0 

E/I, 3 3/2 7 


4 

CH(CH,), 

OH 

1,0 5 

1,0 5 

1, 1 0 

1,0 35 


5 

CiH, 

OH 




E/1, 4/2 6 (179) 


6 

C(CH,), 

OH 

I, 2 0 

1,0 5 


I, 0 35 


S 

H 

H 




E, 50 (108) 

E, 60 

9 

CH, 

H 

E,2 0 

1,25 

I. 100 

E, 6 5 

E,7 

10 

C,H, 

H 





E, 23 

11 

CH(CH,), 

H 

I, 200 

1,100 


E/I, 620/380 


12 

C,H, 

H 





E, 140 

13 

H 

0 





E, 23 

14 

CH, 

0 

E, 200 

I, 10 

I, 4, 20 

E, 62 

E, 23 

15 

C,H, 

0 

1 




E, 16 

16 

CH(CH,), 

0 

Inactivei 

I, 1000 j 


E/I, 1000/680 


17 

C,Ht 

0 


1 



E, 140 


* E, excitation or preasor reponae I, inhibition or depressor response 
*• l-Arterenol was used in this investigation 


Results obtamed vath the cat uterus have shown No 2 to be more mhibitory 
than No 1 and Nos 9 and 14 more than Nos 8 and 13 (24) The excitatoiy ac- 
tion of sympathomimetic ammes is easily demonstrated with the dog retractor 
perns preparation (24), although this organ may have adrenergic inhibitoiy re- 
ceptors masmuch as it responds to No 4 by relaxation (168) Compound No 2 
IS distmctly more excitatory than No 1 (24, 168) The ethane derivatives cause 
contraction of the retractor penis, the most potent one bemg No 9 and, m order 
of dunmishmg potency. No 10, No 8 and No 12 This order of potency is iden- 
tical with that found for blood pressure and for the non-pregnant uterus of the 
cat (24) 
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These facts aie also apparent when the effect on blood pressure is considered 
Compound Nos 9 and 14 are much less pressor than No 2 As in the case of the 
primary amines, there is a marked reduction m pressor potency when the hy- 
droxyl IS leplaced by hydrogen or oxygen Compound Nos 3 and 5 are both 
pressoi and depressor, both actions requiring relatively large doses to produce 
signiScant changes, the N-isopropyl derivative (No 4) is a strong depressor 
agent The corresponding derivatives, Nos 11 and 16, are of very low potency 
and cause both pressor and depressor responses Greatest pressor and depressor 
potency is found with those compounds containmg an alcoholic hydroxyl Among 
these, maximum excitatory action is obtained ivith the N-methyl derivative, 
maximum mhibitory action, with the N-isopropyl or N-t -butyl derivatives 

TABLE 7 


The effect of changes in the structure of the side chain on sympathomimetic potency 



R' 

CHOHCHNH R 

1 

( loH 

Vh 


IKIATIVX ACTIVITY 

(In terms of molUpIes of the cflecLtve dose of racemic epfoephrloe) 

Com 

pound 

No 

Structur 

R 

C 

R' 

Blood pressure* 

BraacUoIct' 

1 

H 

H 

E, 0 67 (149) 

I, 104 (149) 

2 

CH, 

H 

E, 1 00 (149) 

I, 1 0 (149) 

4 

CH(CH.), 

H 

I, 0 35 (149) 

I, 0 5 (149) 

18 

H 

CH, 

E, 12 (237), 2-6 (213) 

I, 14 9 (240) 

19 

CH, 

CH, 

I/E, 1 0/40-80 (188, 238) 

I, 14 7 (240) 

20 

H 

C,H. 

I/E, ± 60-500/12731 (187) 

I, 80 (152) 

21 

CH, 

C.H, 

I, (203) 


22 

CH(CH,), 

C.H. 

I, 3 (152) 

I, 6 3 (152) 


* E, excitation or pressor response, I, inhibition or depressor response 
t E value obtained in the isolated perfused oat leg 


The size and shape of the group between the benzene nng and the nitrogen 
as well as of the alkyl substituent of the secondary amine mfluence excitatory 
and inhibitory potency This is illustrated by the data m table 7 The addition 
of a methyl group to the side chain at R* (No 18) causes a large reduction in 
pressor potency The correspondmg N-methyl denvative (No 19) is predom- 
mantly depressor Both Nos 18 and 19 are more potent bronchodilators than 
No 1 but distinctly less active than No 2 An increase m length to an ethyl 
group in the R' position causes a further reduction m pressor and a simultaneous 
increase in depressor potency No 20 has a weak excitatory and a strong inhibi- 
tory effect The N-isopropylbutanol denvative (No 22) is a potent depressor 
and bronchodilator drug but less active than No 4 m which R‘ is H No 20 
18 a more potent bronchodilator than No 1 but somewhat less potent than 
No 18 These data suggest that adrenergic excitatory action is diminished by 
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alkyl substitution on the second carbon of the side chain Adrenergic inhibitory 
action IS also dimini shed but less than e’ccitatory action Inhibitory action is 
dominant with those derivatives m which there is an N-aJkyl substituent 
The effect of modifying the structure of the side cham is further illustrated by 
the compounds m table 8 Greatest activity, relative to No 2, is obtamed with 
No 9 Nos 8 and 25 appear to be of comparable activity, the additional methyl 
group of No 25 not causmg any signihcant difference m action over that of the 
unsubstituted compound, No 8 Compound No 26, wherem the amme group is 
on the terminal carbon, is distmctly less pressor than Nos 24 and 25 When there 
IS only one carbon between the rmg and the amme group (Nos 23 and 24), 
pressor potency is very low In the case of the structural isomer of No 25, 2-(3', 

TABLE 8 


The effect of change in length of the side chain on pressor potency 


CHj R NH R' 

1 

irtATTvr rxusoK 
mtxct* 

i 

1 

IZTTSZSZZ 

Coapogad No. 

Strocture 


R* 

2 



1 


23 

— 

H 

soo 

243 

24 

— 

CH, 

800 

2t2 

8 

CHi 

H 

35-100 

149,25 

9 

CH, 

CH, 

6 5 

149 

25 

CH CH, 

H 

SO 

24, 108, 219 

26 

CHi-CHj 1 

H 

150-191 

24, 219 


• Expressed in terms of multiples of the effective dose of racemic epinephrine 


4'-dihydro\-yphenyl)-3-methylammopropane, pressor potency has been reported 
to be distinctly greater than that of either Nos 25 or 26 (189) 

The effect of hydroxyl substitution on the benzene nng depends upon the posi- 
tion and number of substituents (table 9) The greatest increase m pressor po- 
tency m the phenethanolamine senes is obtained by substitution at the 3 and 
4 positions (No 1) Of these two, the 3-hydroxyl group (No 28) appears to be 
of more importance inasmuch as the 4-hydroxyl denvative (No 29) is no more 
potent than the unsubstituted compound (No 27) Compound Nos 30 and 31 
are reported to have low pressor potencies The addition of a third hydroxyl to 
the nng is not favorable for pressor action masmuch as No 32 is reported to be 
depressor and No 33 ineffective 

The results obtamed mth the xanous phenethylamine derivatives make gen- 
erahzation difficult It would seem that there is no great difference m pressor 
potency x\nth Nos 36-39 and No 8 The unsubstituted compound (No 34) and 
Its 2-hydroxyl analog (No 35) are of comparable potency and both are dis- 
tmctly less potent than the above-mentioned compounds It is mterestmg to note 
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TABLE 9 


The effect of the number and position of the hydroxyls on the benzene nng of sympaihomimitic 

amines 


Com 

pound 

No 


nil— 

ft 

4 

A. STOANOLAKINXS 

Structure 

aXLATtVB FtXSSOB 
yoriMCt* 

umxifcai 

2 

3 

4 

5 

6 

2 






1 


27 

H 

H 

H 

H 

H 

100-124 

61,236 

28 

H 

OH 

H 

H 

H 

10 

147 

29 

H 

H 

OH 

H 

H 

100 

161, 178 

30 

OH 

H 

OH 

H 

H 

weak 

31 

1 

H 

OH 

OH 

H 

H 

0 67-1 0 

149, 179 

31 

OH 

H 

H 

OH 

H 

weak 

103 

32 

OH 

OH 

OH 

H 

H 

depressor 

163 

33 

H 

OH 

OH 

OH 


ineffective 

163 

B ETffYtAUlKCS 



2 






1 


34 

H 

H 

H 

H 

H 

183-600 

25, 108, 238 

36 

OH 

H 

H 

H 

H 

600 

26 

30 

H 

OH 

H 

H 

H 

70-100 

24,25 

37 

H 

H 

OH 

H 

H 

70-105 

24, 61, 108, 151 

8 

H 

OH 

OH 

H 

H 

60 

24, 25, 108 

38 

OH 

OH 

OH 

H 

H 

100 

26 

39 

H 

OH 

OH 

OH 

H 

60 

106 


* Expressed in terms of multiples of the effective dose of racemic epinephrine 


TABLE 10 


The effect of alkoxy substitution on the benzene ring of various sympathomimetic amines 



Expressed in terms of multiples of the effective dose of racemic epinephrine 
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that No 28 la much more pressor than No 36 The alcoholic hydroxyl appears 
to be important for pressor action when the 3'hydro\yl group is present on 
the benzene nng and relatively unimportant m its absence (Nos 27, 29, 34 and 
35) or when there are three hydroxjd groups on the nng (Nos 32, 33, 38 and 39) 

The effect of substituting methoxyl for hydroxyl groups on the benzene nng 
IS shown m table 10 In all instances sympathomimetic potency is greatly reduced, 
the resultmg compounds havmg very httle pressor activity The 2,4-dimethoxyl 
analog of epinephnne has been reported to be predominantly depressor (238) 
The replacement of the 3-hydroxyl group on the benzene nng of epmephnne 
by a 3-amino group diminishes the effects on blood pressure, the non-gravid 
uterus and the denervated mctitating membrane of anesthetized cats (86a) 

SUMMARY 

The data presented here suggest that, with the exception of the action on the 
heart, the adrenergic excitatory action of epmephnne equals or exceeds that of 
other compounds desenbed It also has inhibitory actions and plays an important 
role m regulating autonomic activity i-Arterenol appears to be somewhat less 
potent and its physiological significance less apparent There is evidence that it 
18 an intermediate m the syntheaia of epmephnne Maximum inhibitory potency 
18 obtained by replacing the hydrogen atoms of the N-methyl group of epi- 
nephnne by other methyl groups, to give the corresponding isopropyl or I -butyl 
denvative Denvatives of this type have not been obtained from biological 
matenai and there is no evidence at the present time that they are produced m 
the animal body Physiological potency m excess of that obtained with 
epmephnne suggests the importance of these substances as tools m studying the 
meebamsm of adrenergic inhibitory action Other modifications m structure, 
discussed above, dummsh both excitatory and mhibitory actions Of the vanous 
modifications, substitution of a methyl or ethyl group on the second carbon of 
the side cham dimimshea inhibitory action less than excitatorj-- action The 
structural requirements for adrenergic inhibitory action appear to be less specific 
than those for excitatory action 

The concept of the sympathms E and I as mediators of adrenergic nerve im- 
pulses seems to have outhved its penod of usefulnebS Vanous alternative hy- 
potheses have been suggested The suggestion of tR o mediators Sc (contractmg 
substance) and Sr (relaxing substance) proposed more recent^’’ (101, 196) seems 
to be bttle more desirable than the original concept of the gympathms The 
postulation of alpha and beta receptors (4) agrees somewhat better with the 
experimental data. However, this requires the assumption that stimulation of 
either receptor may cause either excitation or inhibition, that imion with the cell 
receptor is detennmed by the structure of the sympathomimetic amine but the 
nature of the response elicited after umon is determmed by the organ Thus, 
umon with the alpha receptors mduces contraction of the blood vessels m skeletal 
muscle and skm,and of the mctitatmg membrane and uterus, but mduces relaxa- 
tion of mtestmal smooth muscle On the other hand, umon vath the beta receptors 
may cause relaxation of blood vessels in skeletal muscle and m the coronary v&s- 
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cular bed, relaxation of the uterus (rat, cat, dog and human) and the bronchioles, 
and stimulation of the heart 

If one assumes excitation or inhibition to result from stunulation of a specific 
receptor, it is diflacult to axplam the action of S3Tnpathomimetic amines on the 
heart Cardiac effects do not correlate well with vascular effects ‘Isuprel’ ap- 
pears to be one of the most potent vasodepressor drugs and at the same tune it 
IS more stimulatmg to the heart than is epinephrme In order of incrcasmg car- 
diac stimulation we find No 5 (N-prop 3 d) < epinephrine < arterenol < No 3 
(N-ethyl) < ‘Isuprel’ Tliese observations suggest that a third receptor, specific 
for sympathetic action on the heart, may be mvolved, that there may be an 
adrenergic inhibitory receptor (Ac) involved m the contraction of smooth muscle, 
an adrenergic inhibitory receptor (Ar) involved m relaxation of smooth muscle, 
and a third receptor (Ae) conceraed m cardiac excitation The structure of 
epmephnne could be considered optimal for stimulation of Ac but considerably 
less than optimal for Ar The primary amine, arterenol, is almost equal to 
epmephnne m its effect on Ac but distinctly less effective on Ar ‘Isuprel’ or the 
( -butyl analog (No 6) appears to have the optimum structure for stimulation of 
At The structural reqmrement for maximum effect on Ae needs further mvesti* 
gallon The present summary leaves it obvious that these oversimphfied hy- 
potheses descnbe rather than cxplam the mechanism of adrenergic transmission. 

The last tv\ o decades have provided us with much detailed information oil the 
factors mfluencmg the activity of s 3 Tnpathetic nerves and then effectors How- 
ever, many points remain obscure The substance or substances mvolved, the 
immediate precursor, the manner m which the active agent is liberated, the e.\act 
role of the known substances m this sequence of events, the effect of the level of 
activity of the effector on the resultant response and many other problems require 
clarification Progress has been accelerating so that present research efforts can 
be confidently expected to lead soon to a more complete understandmg of these 
problems With this increase in knowledge, it is not too much to hope that there 
will be a correlative development of synthetic agents of great therapeutic 
importance 
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I INTHODUenON 

Few classes of drugs have been the subject of such extensive and thorough 
pharmacological mvestigation as the cardioactive glycosides of digitalis, stro- 
phanthus, and other plants From the vast hterature representmg more than a 
century and a half of research (cf the comprehensive monographs of Straub 
(227), Lendle (141), and Weese (241)) emerges a fairly complete and accurate 
picture of the circulatory effects of these drugs Above all, the specific action 
on the heart stands out with great clarity But to the present day only the gross 
manifestations of altered organ and tissue function are well understood The 
underljung mechanism of the cardiac action is stiU more or less obscure 
The elucidation of this mechamsm, i e , the analysis of the cardiac action m 

1 The preparation of this review and the original work of the reviewer quoted herein 
were supported by grants from the Life Insurance hledical Research Fund 

311 



CijaDIAC ENTEHCY METABOLISM 


313 


ATP but a closely related dinucleotide (S), which is doubtful (151), this Bould 
not constitute a fundamental difference The recoveiy metabohsm in the heart 
follows essentially the same pattern as m skeletal muscle Differences are chiefly 
quantitative and reflect adaptation to specific energy' requirements As a muscle 
which 13 unmterruptedly workmg throughout its lifetime, nearly always at a 
steady state, not subject to energy’ demands imposed by sudden great outbursts 
of actnnty such as occur m skeletal muscle, and nchly supphed with oxj’gen and 
nutrients, the heart, particularly’ m the warm-blooded animal, is a predominantly 
aerobic organ, powerfully eqmpped with respiratory enzy’mes, but possessmg a 
relatively low abihty for anaerobic recovery’, as shown by its small phospho- 
creatme reserve and its low glycolytic power Detailed information on these and 
other features of cardiac muscle metabolism is contamed m seieral avcellent 
reviews (38, 44, 63, 152, 181, 217a) 

n THE EKEHGY METABOLISM OF THE FAILIXG HEART 
A Total Energy Liberation and Utilization 

If mtermediary metabohc steps and energy transferrmg mechanisms are left 
out of consideration, the problem of where the defect underlymg a given type 
of heart failure is located m the abo\ e outhned energy cycle m the heart, re- 
duces itself to the foOowang question Does the defect concern metabohc energy 
liberation or does it concern the utilization of the hberated energy for work? 

1 Spontaneous Failure of the Isolated Heart A systematic study of the changes 
m the energy transformations of the heart occumng m failure is feasible only 
m the isolated organ where the variables of circulatory dynamics cannot only 
be measured, but where they can be controlled 

The question has been exammed most carefully m the mammahan heart, 
usually the dog heart, isolated m the form of the heart-lung or similar prepa- 
ration In this arrangement, the heart is well supphed with oxygenated blood 
and performs work m a physiological maimer, t e , by pumpmg blood mto the 
periphery At first the heart works very competently, but then less and less so, 
as its contractile power mevitably weakens and it gradually goes mto a failure 
which m many respects is comparable to chrome congestive heart failure and 
which lends itself easily to experimental analysis The external work done by 
this preparation can be accurately measured and, knowmg the calonc eqmvalent 
of the fuel burned, the total energy set free can be estimated from the oxygen 
consumption This is a vahd procedure smee the heart m the warm-blooded 
animal contracts an oxygen debt only for bnef penods, if at all (63, 84) 

The usefulness of the heart-lung preparation in the study of cardiac energetics 
has been questioned on account of its low mechamcal efficiency (195) Indeed, 
values of the order of 3 per cent are qmte common The low efficiency, inter- 
preted by some authors as mdicatmg failure from the outset, has vanously been 
attnbuted to unfavorable mechamcal conditions inherent m the preparation (79), 
to denervation of the heart (87, 96), and to the absence of metabohc control 
through known hormones (98) and unknown substances released by the hver 
(186, 196) In part, however, it is undoubtedly the consequence of low work 
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terms of changes on the cellular, subcellular and molecular level, la a research 
problem whose solution demands much wider use of biochenuc^ methods of 
approach than has hitherto been the case Past attacks on the problem along 
this Ime have centered mainly around three aspects of the action of the cardiac 
glycosides (a) the relation of this action to the physiological role and the me- 
tabolism of certam morgamo cations, particularly calcium and potassium (for 
reviews or summanes of the literature, see 10, 141, 189, 241), (b) effects on the 
ph 3 micochemical state of the protoplasm (141, 241), and (c) effects on the energy 
transformations m the heart, notably the catabohc processes fumishmg the 
energy for the recoveiy phase of the cardiac cycle The present review is con- 
cerned chiefly with the last-named effects, the cardiac glycoside-ion relation and 
the physicochemical changes are discussed only m so far as they supplement m- 
formation gamed from studies of the changes m energy metabolism Certain 
aspects of the subject have been reviewed by Lendle (141), Weese (241) and 
Mardones (159) 

Perhaps the most stnkmg of all the effects of the cardiac glycosides on the 
heart is the strengthemng of its contractile power, the positive motropic ac- 
tion This effect is most convmcmgly demonstrated m the faihng heart or the 
hypodynamic heart muscle preparation, in which the impaired contractihty can 
be restored to normal It may be assumed that the cardiac glycosides reverse 
whatever chemical or physicocheimcal change is responsible for the impairment 
of contractihty Hence, information concemmg the mechanism of myocardial 
failure responding to cardiac glycosides, as well as that of heart failure known 
to be refractory to these drugs, would also provide clues to the mechanism of 
the positive motropic action With this m mmd a discussion of the pertinent 
hterature on the metabolism of the failmg heart has been mcluded m the review 

In discussmg the relation between the metabolic and contractihty changes, 
the heart will be regarded as a machme which converts chemical mto mechamcal 
energy Studies chiefly on skeletal muscle (67, 211, 228) mdicate that the con- 
tractile protem complex actomyosm is the structural basis of the muscular 
machme and adenosme tnphosphate (ATP) its immediate source of energy On 
stimulation the muscle is somehow activated and contracts, releasing energy 
durmg these processes which appears as heat and as tension or work Enzymatic 
hydrolysis of ATP releases the free energy which, according to one viewpomt 
(228), recharges the contractile system, enabhng it to return to the relaxed state 
Resynthesis of ATP, and of phosphocreatme which is beheved to function as 
a reservoir of energy-nch phosphate bonds (150) (for a contrary view, see (58)), 
IS accomphshed durmg recovery, the energy required for these reactions bemg 
produced by the degradation of foodstuff through the processes of glycolims and 
respiration 

The mdications are that these reactions are also the mam chemical events m 
cardiac muscle Actomyosm obtamed from heart muscle is, according to Szent- 
GySrgyi (228), mdistmgmshable from that extracted from skeletal muscle, though 
certam quantitative differences m physical properties have been reported (156), 
even if it should be true that the energy source for the cardiac systole is not 
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as the causative factor vhen the oxj'gen uptake was estimated from the arteno- 
venous oxygen difference and the coronary flow , the discrepancy of the results 
was thou^t at first to be attributable to the difference in analytical methods 
The drawbacks of each method m the determination of the oxygen uptake of 
the heart have been amply stressed by its opponents (86, 98, 121, 234) To obviate 
cnticism and counter-criticism both methods were improied and refined (118, 
169, 185, 250), but without yieldmg results diffenng from those obtamed pre- 
viously by the respective mvestigators Moe and Visscher (169), usmg the 
heart-oxygenator preparation, made simultaneous determmations of the oxygen 
uptake by the spirometer and blood analysis methods The methods checked sat- 
isfactorily and gave values ahowmg failure m this preparation to be associated 
with the sharp declme m mechanical efficiency The explanation for the divergent 
results of 32atz el al , usmg the same type of preparation, must probably be sought 
m pecuhanties of experimental techmc other than the analjiiical method 
Spontaneous faUure of the isolated frog and tortoise heart perfused with Rmger 
flmd containmg blood or serum is entirely due to decreased energy utihzation, 
the oxygen consumption remaining relatively high (39, 40, 53, 61) When some 
of the same preparations are perfused with pure Rmger fluid, the resultmg hypo- 
dynamic condition is charactenzed by a parallel decrease m mechamcal activity 
and total oxygen consumption (39, 40) The restmg oxygen consumption is not 
decreased m this condition Prolonged perfusion of the mammalian heart with 
a balanced ion solution likewise leads to a simultaneous dechne m work and 
oxygen consumption (197, 198) In this instance the oxjgen supply may be a 
limitmg factor 

The chief cause of the hypodynamic condition of the frog heart after long 
perfusion with Rmger solution is, accordmg to Clark (35), a loss of hpids from 
the surface of the cell The claim that loss of myocardial hpids, m the form of 
phosphohpids, is a cause of human congestivm heart failure (138) has not been 
substantiated (51), and neither has a noticeable decrease in the hpid content 
of the heart been found m experimental myocardial damage (237) 

As Clark (35) has shoira, the weakened contractihty of the frog heart depleted 
of hpids can be restored to normal by addition of serum or alcohohc extracts of 
serum, the active prmciple bemg probably a hpid, as well as by low concentra- 
tions of sodium oleate, the activity of which is beheved to be due to the forma- 
tion of an insoluble calcium soap at the cellular membrane The restoration of 
the contractihty of the heart by these substances is accompamed by an mcrease 
m oxygen consumption to the normal level (39) Clark (38) draws attention to 
the observation of Meyerhof (165) that the oxygen consumption of mmced muscle 
IS greatly mcreased on addition of the phosphohpid, lecithin, or of one of its 
components, Imolemc acid Lecithm has been shown by Clark (35) and others 
(38) to strengthen the beat of the frog heart under the same conditions m which 
oleate and serum are effective That phosphohpids play a role m oxidative proc- 
esses has long been suspected (221) A recent study (6) suggests that hpids and 
phosphohpids may serv'e as “cement substances” to hold m close association 
groups of enzvmes that perform together m metabolic cv cles 
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levels, at whjch the resting oxygen consumption constitutes a relatively large 
fraction of the total metabohsm, and is not necessarily a reflection of a poor 
physiological state (84) 

The theoretical and experimental basis for the study of the energetics of the 
faihng heart was laid by the work of Starling and collaborators (187, 225) They 
demonstrated that the mechamcal energy set free m the contraction of the heart 
depends on its diastohc volume, t e , the imtial length of its fibers At a given 
diastohc volume, the faihng heart has a smaller capacity for domg work than 
the “physiological” heart, m order to mamtam a constant level of work, it has 
to mcrease its diastohc volume Later, Starhng and Visscher (226) presented 
data showmg that when rate, temperature and chemical conditions are held 
constant, the oxygen consumed by the mammahan heart is determined by its 
diastohc volume Accordmg to these authors this is also the case m spontaneous 
failure of the heart-lung heart As the heart goes mto failure and dilates, the 
same amount of work can be performed only at the coat of greater oxygen con- 
sumption, or when the diastohc volume is kept constant, the oxygen consump- 
tion remains the same but the work dechnes In either case the mechanical 
efficiency is decreased The faihng heart is still able to hberate energy from food- 
stuff at a normal rate, but its abihty to convert this energy mto work has suffered 

These findmgs and conclusions concemmg the mechamsm of the spontaneous 
failure m the isolated mammahan. heart have been confirmed m Visscher’s labo- 
ratory (169, 185, 235) as well as by other workers (45, 86, 95) They have been 
challenged by Rilhl (203, 206) and by Katz and collaborators, (18, 121, 250), 
who failed to note a loss of efficiency durmg failure Smce Ruhl did not measure 
or control diastohc volume and work, his results are not as relevant m this con- 
nection as those of Katz et al (121) who mamtam that when the heart is per- 
mitted to fail at approximately constant diastohc volume, there is a comcident 
decrease m work and oxygen consumption, whereas at a constant work level 
the diastohc volume increases durmg development of failure without significant 
changes m oxygen consumption and mechamcal efficiency In these experiments, 
apparently, the loss of contractihty was associated with a reduction m total 
energy release and not with a reduced abihty to utihze the hberated energy for 
work 

Katz (118) suggests that diastohc volume may not be the sole factor govemmg 
the release of energy by the heart. As other authors (38, 84, 123) have pomted out, 
if the amount of energy released by the heart were mdependent of the mechamcal 
conditions prevaihng dunng contraction, cardiac muscle would be m a class apart 
from skeletal muscle, which hberates extra energy for work (Fenn effect) (cf 
67) The crucial expenment to decide this question, namely, the measurement 
of the heat and work output of cardiac muscle under conditions also permitting 
isometnc contraction, such as m the papillary muscle preparation, has not yet 
been performed 

Since impairment of energy utilization was always observed to be the cause 
of spontaneous heart failure m those studies m which oxygen uptake um d^ 
teimined with a spirometer, whereas impairment of energy liberation was found 
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as the caiisati\e factor ttben the oxygen uptake was estimated from the arterio- 
venous oxygen difference and the coronary flow, the discrepancy of the results 
was thought at first to be attributable to the difference m anal 5 dical methods 
The drawbacks of each method m the determination of the oxygen uptake of 
the heart have been amply stressed by its opponents (86, 98, 121, 234:) To obviate 
criticism and counter-cnticism both methods were improied and refined (118, 
169, 185, 250), but without yieldmg results differmg from those obtamed pre- 
viously by the respective mvestigators Moe and ITsscher (169), usmg the 
heart-oxygenator preparation, made simultaneous determinations of the oxygen 
uptake by the spuometer and blood analysis methods The methods checked sat- 
isfactorily and gav'e v alues showing failure m this preparation to be associated 
with the sharp dechne m mechamcal efficiency The explanation for the divergent 
results of Katz et al , usmg the same type of preparation, must probably be sought 
in peculiarities of experimental techmc other than the analjdical method 
Spontaneous failure of the isolated frog and tortoise heart perfused with Rmger 
fluid contammg blood or serum is entuely due to decreased energy utihzation, 
the oxygen consumption remaining relatively high (39, 40, 53, 61) When some 
of the same preparations are perfused with pure Rmger fluid, the resultmg hypo- 
dynamic condition is characterized by a parallel decrease m mechamcal activity 
and total axygen consumption (39, 40) The restmg oxygen consumption is not 
decreased m this condition Prolonged perfusion of the mammaban heart with 
a balanced ion solution likewise leads to a simultaneous dechne m work and 
cxj^gen consumption (197, 198) In this instance the oxygen supply may be a 
hmitmg factor 

The chief cause of the hypodynamic condition of the frog heart after long 
perfusion with Rmger solution is, accordmg to Clark (35), a loss of hpids from 
the surface of the cell The claim that loss of myocardial hpids, m the form of 
phosphohpids, is a cause of human congestwe heart failure (138) has not been 
substantiated (51), and neither has a noticeable decrease in the lipid content 
of the heart been found m experimental myocardial damage (237) 

As Clark (35) has shown, the weakened contractihty of the frog heart depleted 
of hpids can be restored to normal by addition of serum or alcohohc extracts of 
serum, the active prmciple bemg probably a hpid, as well as by low concentra- 
tions of sodium oleate, the activity of which is beheved to be due to the forma- 
tion of an insoluble calcium soap at the cellular membrane The restoration of 
the contractihty of the heart by these substances is accompamed by an mcrease 
m oxygen consumption to the normal level (39) Clark (38) draws attention to 
the observation of iMeyerhof (165) that the oxygen consumption of mmced muscle 
IS greatly increased on addition of the phosphohpid, lecithm, or of one of its 
components, hnolemc acid Lecithm has been shown by Clark (35) and others 
(38) to strengthen the beat of the frog heart imder the same conditions m which 
oleate and serum are effective That phosphohpids play a role m oxidativ^e proc- 
esses has long been suspected (221) A recent study (6) suggests that hpids and 
phosphohpids may serve as “cement substances” to hold in close association 
groups of enzjmes that perform together in metabolic cv cles 
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2 Expenmenial Heart Failure Induced by Pharmacahgtcal Meant There is no 
need here for a discusaion of the general nature of heart failure caused by acute 
anoxia of the myocardium, whether produced by deprivation of oxygen or by 
specific respiratory inhibitors such as cyamde The evidence that these types 
of failure are due to mterference with the supply of energy is clear-cut, even 
m the case of the frog heart which has some abihty for anaerobic survival (38) 
It 13 noteworthy that both m oxygen lack as well as m cyamde poisoning, the 
cardiac glycosides are mcapable of restonng the contractihty of the myocar- 
dium (p 328) 

On the other hand, there are a number of agents with a negative motropic 
action on the heart which are known to be antagonized by the cardiac glycosides 
The study of the changes m energy metabolism which accompany this action 
have been confined mainly to heart failure caused by narcotics (general an- 
esthetics, h3fpuotic3) and by alterations m the morgamc lomc environment 

The hterature on the action of the narcotics on the cold-blooded heart has 
been reviewed m the monograph of Clark ei al (38) It appears that these com- 
pounds depress contractility more severely than oxidative metabohsm The re- 
lation was studied m detail by Clark and White (39) They found that with m- 
creaamg concentrations of such narcotics as ethyl urethane and ethyl alcohol 
the mechanical response declmes at a faster rate than the metabolism, t e , the 
mechanical efficiency decreases progressively imtil complete arrest At this pomt, 
the rata of metabolism is about 75 per cent below the value at full activity, a 
level comparable to that of the normal restmg rate Deductmg this residual from 
the total respiration, the authors found the proportion between the mechamcal 
and the metabohc depression to be constant over the whole concentration range 
They concluded, as they did m a subsequent study (40), that the restmg res- 
piration of the frog heart differs from the activity respiration m bemg more 
resistant to depressant drugs As Clark and his collaborators (38) emphasize, 
these results can be explained without the need of postulatmg two separate 
respiratory systems by the hypothesis that inhibition of respiration m the heart 
by narcotics is secondary to inhibition of the contractile process In other words, 
m concentrations which depress the contractile power of the frog heart, the nar- 
cotics do not mterfere specifically with energy hberation 

The effect of narcotics (chloral hydrate, ethyl alcohol) on the metabolism and 
the function of the isolated mammahan heart perfused with Locke’s solution is 
the same as in the correspondmg cold-blooded preparation, namely, a com- 
paratively more pronounced declme m mechamcal performance than in oxygen 
consumption (70, 199) Whether this relation can be explained by the above 
hypothesis of Clark is not certam, smce values for the restmg respiration are 
not given 

A senes of studies on heart failure caused by narcotics m the heart-lung prepa- 
ration of the dog has yielded conflictmg results Accordmg to Gremels (95) the 
rate of oxygen consumption rises markedly m failure caused by barbiturates, al- 
though the work sunultaneously declmes An mcreased axygen consumption was 
also observed by Fahr and Buehler (65) m hearts poisoned with chloral hydrate 
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The results of other investigators are m sharp disagreement with these reports 
Accordmg to Ruhl (204, 206) and Kiese and Garan (123), the oxygen uptake 
dechnes regularly m barbiturate-mduced failure, and this dechne may even be 
relatively greater than that of the work Ruhl finds this also to be the case m 
heart failure caused by avertm (204) and histamine (203) However, he is reluc- 
tant to regard this as an mdication of improved mechamcal efficiency smce the 
carbon dioxide output greatly exceeds the oxygen uptake, which suggests to 
him that lactic acid is bemg produced However, accordmg to Visscher’s (234) 
recalculation and reevaluation of the data, Ruhl’s oxygen consumption figures 
are too low and his deductions are consequently misleachng Kiese and Garan 
( 123 ) leave it undecided whether they were deahng with anaerobic energy pro- 
duction or enhanced conversion of chemical energy mto mechamcal work 
Rem (194) and Gollwitzer-Meier and Kruger (86) found that both the oxygen 
uptake and the work were reduced m moderate and severe barbiturate-mduced 
failure, and similar observations have been made m the intact dog poisoned with 
chloral hydrate (108) 

Accordmg to GoUwitzer-iMeier and Kruger (86), the decrease m the oxygen 
uptake of the heart m barbiturate failure occurs m spite of an mcrease m dias- 
tohc volume With their sensitive recordmg techmc these authors 3\ere also 
able to observe a decrease m oxygen uptake and consequently an improvement 
of efficiency after small doses of barbiturate which left the circulation unaffected 
The efficiency remamed improved when mild failure occurred These phenomena 
are taken as an mdication of a specific inhibitory effect of barbiturates on the 
oxidative metabolism of the myocardium In agreement with this conclusion 
18 the observation (256) that low concentrations of pentobarbital and chlorobu- 
tanol reduce the work done by the dog heart more than they reduce what is 
presumed to be its restmg respiration As was pomted out above, a primary 
effect of narcotics on the oxidative metabolism of the cold-blooded heart has 
been negated These substances are depressants of vanous cellular functions, 
dependmg on the state of the tissue and on external conditions such as, for ex- 
ample, temperature, ^ne or the other function may be the first to be affected In 
the cold-blooded heart the primary effect of narcotics over a wide range of con- 
centration appears to be an inhibition of the energy utibzmg processes m con- 
traction In the warm-blooded mammalian heart the energy hberatmg metabo- 
lism may be the first function to suffer, but, as a senous stage of myocardial 
depression is approached, the conversion of chemical mto mechamcal energy 
may become impaired to a greater extent 

Reduction of the Ca++/K+ ratio m the extracellular fluid has long been known 
to dimmi s h the contractile power of the heart Clark and White (39, 40) have 
shown that lowenng the Ca'*~*' and mcreasmg the K"*" concentration m the per- 
fusion fluid of the isolated frog heart produce a relatively greater depression of 
the amphtude of contraction than of oxygen uptake The mechamcal efficiency 
of the heart dechnes steadily until the contractions cease At this tune the heart 
respires at its normal restmg rate, and further changes m ion concentration have 
httle or no effect on this residual fraction of the respiration On the other hand. 
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there is a linear relation between the activity (total minus resting) respiration 
and the mechanical response at all concentrations of ions Like analogous 
effects of narcotics, these phenomena were later mterpreted by Clark el al 
(38) to mean that the reduction of the respiratory metabohsm is merely the con- 
sequence of a depression of the contractile process Eismayer and Quincke’s 
data (62), on the other hand, suggest that lack of calcium may lower the oxygen 
uptake of the frog heart more than its mechanical response The imphcation 
that the oxidative metabohsm is specifically depressed m the absence of calcium 
IS hard to accept not only m view of the contrary results of Clark and White 
(39, 40), but also because the depression of the contractihty of the frog heart due 
to calcium lack occurs with a speed much faster than the depression caused by 
simultaneous complete inhibition of respiration and glycolysis by means of as- 
ph 3 rua and lodoacetate (49) Furthermore, the rapidity' of the calcium effect is 
mdependent of the frequency of beat, t c , one of the pnneipal factors deter- 
mmmgthe rate atnhich chemical energy is utihzed, whereas the rapidity of the 
effects of asphyoua and lodoacetate is proportional to the frequency of beat (38, 
49) It has also been shomi that reduction and even complete omission of calcium 
or excess of potassium in the bathing fluid of non-beating mammalian heart 
muscle has no immediate effect on the rate of respiration (11, 145, 184) 

In heart failure produced in the mtact dog by mtravenous infusion of potas- 
sium chlonde the oxygen consumption of the heart is unchanged or slightly 
incieased, the mechanical efficiency is markedly lowered (IDS') 

These facts speak strongly against a direct effect of extracellular calcium lack 
or potassium excess on the energy yieldmg metabohsm of the heart The mter- 
pretation of the potassium effect is comphcated by the fact that excess of this 
ion impairs the conductmg mechamsm m the heart (38, 265) This does not seem 
to be the case m calcium lack There is ample evidence (38) that the electro- 
cardiogram IS unaffected e\en when the heart is almost completely paralyzed 
due to the absence of calcium It is of particular significance that the height of 
the monophasic electrogram is unaltered (17) This has also been shown to be 
the case m heart failure caused by barbiturates (133) It can be inferred that 
barbiturates and lack of calcium cveaken the heart beat either by direct impair- 
ment of the contractile process or by impairment of the processes mtervenmg 
between the passage of the action potential and the onset of the contractile 
response The latter alternative is the more likely one m the case of calcium 
lack, smce the action of calcium on the heart is beheved to be located at the 
surface of the cell (134, 247) 

3 Chrome Congestive Heart Failure Nothmg definite is known about the 
mechamsm underlying this syndrome and information concemmg the pomt at 
issue 13 scant Hamson (107) has postulated — and this is widely accepted— 
that a decisive factor in the development of the condition is anoxia of the myo- 
cardium due to compensatory cardiac hypertrophy According to his calcula- 
tions, the thickness of the hypertrophic fibers does not permit adequate diffusion 
of oxygen mto the internal portions It has also been estimated (238) that the 
total capillaiy surface per umt i olume of hypertrophic heart muscle is only one 
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half as large as in normal heart muscle Howe%'’er, since the measurements of 
Dock (55) mdicate that m cardiac hypertrophy without coronary disease the 
coronary flow is more than adequate to provide oxygen m excess of the needs 
of even the thickest fibers, the anoxia theory of congestii e heart failure must be 
regarded with skepticism Bmg and coworkers (12) report that m patients with 
congestive heart failure due to mitral stenosis or insufficiency and to arterio- 
sclerotic heart disease the rate of oxygen consumption of the left ventncle per 
umt weight of muscle is shghtly elevated and the mechamcal efficiency of work 
13 greatly reduced The mcrease m the oxygen consumption, however, is neghgible 
compared to the marked left ventncular enlargement As the authors pomt out, 
this findmg raises renewed doubts concermng the lahdity of Starhng and Vis- 
scher’s (226) postulate that when temperature and the chemical environment are 
held constant the total energy set free m the heart beat is solely a function of the 
diastohc volume 


B Carbohydrate Metabolism 

Spontaneous failure of the heart m the heart-lung preparation has been re- 
ported by Gremels (98) to be preceded and accompamed by a reduction m 
glucose uptake As is to be expected from the work of Evans, Grande and Hsu 
(64) the utilization of glucose is improved by administration of msulm The 
heart failure is stated to be correlated with a (hypothetical) depletion of glycogen, 
and msulm is said to prevent this depletion But actual determinations of the 
glycogen content of the heart m the heart-lung preparation show that it remains 
unchanged even after six hours of work (236), by which time failure is usually 
pronounced Confirmmg earher results of Bayliss, Muller and Starhng (7) 
Gremels (98) finds that msulm lowei s tha -exvp^n consumption of the heart 
This effect is attributed to potentiation of a metabohc sparing action beheved 
to be exerted by the penpheral vagus trunk, and the findmg is stressed that 
oxygen consumption is lowered also followmg admmistration of acetylcholme 
(96), a change said to be mdependent of a simultaneous decrease of the heart 
rate Accordmg to Bayhss el al the decrease in cardiac oxygen consumption 
produced by (impure ?) insuhn is secondary to a decrease m cardiac volume 
and is not related to metabohc changes Gremels theorizes that the lower rate 
of glucose utilization before the administration of insuhn and the higher rate of 
oxygen utilization before the administration of acetylchohne constitute a so- 
called “energetic insufficiency^’ of the heart, which he thinks is a necessary con- 
dition for the development of dynamic failure This ter min ology, which gues 
hypothetical mechanisms the air of havmg an experimental foundation, has 
been extended by Hegghn (110, 111) to climcal heart failure characterized by 
lengthened electncal systole and simultaneously shortened ejection time Heg- 
ghn’s original assumption that this “energetic-dynamic’’ heart failure is as- 
sociated with a decreased myocardial glycogen content is not supported by' 
his own axpenmental studies (94, 111, 112), moreover, there does not seem to be 
a first order correlation between the amount of glycogen in the heart and the 
electrocardiogram (93) 



Because the heart avidly takes up lactic acid from the blood as a source of 
energy (see 63) it has been suspected that this process may be disturbed in heart 
failure The problem has been studied in the mammahan heart-lung preparation 
where glycolysis in the lungs and the blood provides the heart with a continuous 
supply of lactate The uptake (or output) of lactic acid by the heart has been 
measured from the coronary arteno-venous lactic acid difference and the coro- 
nary flowrate as estimated from the coronary smus outflow Since it is not known 
whether the lactic acid content of the coronary smus blood and of the Thebesian 
blood are the same under varying conditions — ^in view of marked differences m 
oxygen content (169) this may be doubted — and since the partition of the 
coronary flow between the two venous channels may change dunng the develop- 
ment of failure, the results obtamed must be accepted with reservations 

An increase in the uptake of lactic acid by the heart is stated by RQhl and 
Rolshoven (202, 205) to occur dunng spontaneous failure According to other 
investigators (89, 162) the lactic acid uptake m this condition decreases progres- 
sively until the balance is finally reversed and the metabolite is given off An 
mcrease in the acidity of the coronary sinus blood dunng the development of the 
failure has been mterpreted m support of this finding (85) Decreased utihzation 
of lactic acid rather than accelerated breakdown of precursors is held to be the 
reason for the shift m the balance (85, 89) Since the glycogen content remains 
unchanged (236) this seems to be a plausible explanation However, the ap- 
pearance of excess lactic acid m the coronary smus blood has to be accounted for 
Stimulation of glycolysis from glucose is a possibility which cannot be entirely 
dismissed 

Granted that the spontaneously failmg heart does not retain lactic acid because 
it 13 unable to oxidize it, the question arises whether it is only the step to pyruvic 
acid which is blocked A study of the fate of added pyruvate, which m the normal 
heart is rapidly removed (20) and oxidized, presumably by way of the tricar- 
baxylic acid cycle (222), would furnish the answer That the lactic dehydrogenase 
system m heart muscle may be particularly sensitive to damage is suggested by 
the findmg (176) that m failure of the Langendorlf heart caused by depletion of 
substrates, partial recovery can be effected by administration of pyruvate, but 
not of lactate Information on the metabolism of pyruvate m spontaneous heart 
failure in the heart-lung preparation would be highly desirable also for the 
reason that the energy sources of the spontaneously failing heart need to be 
identified This is a question of particular concern to those ivho maintain that 
total energy liberation in this type of failure is undimmished 

Ruhl and Rolshoven (202, 205) also claim to have found an increased lactic 
acid utilization by the heart in barbiturate- and avei tin-mduced failure, occumng 
concomitantly ivith a reduced oxygen consumption and in spite of a postu- 
lated stimulation of anaerobic glycolysis (204) The authors had no way of 
telling nhat proportion of lactic acid taken up was synthesized to carbohydrate 
and what uas oxidized Ruhl (205) merely states that if all the lactic acid taken 
up durmg failure is completely oxidized, 65 per cent of the total oxygen consump- 
tion can be accounted for by this reaction Since the total axygen consumption 
IS markedly decreased, this would mean that the oxidation of lactic acid and 
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also of P 3 TUV 1 C acid m the heart is not inhibited by doses of barbiturates and 
avertin which inhibit the oxidation of other substrates In support of this con- 
tention one could cite the observation (11) which, however, has been questioned 
(256) that the oxidation of lactate and pyruvate by heart muscle tissue in vtlro 
IS highly resistant to narcotics such as avertm RQhl (205) does not specifically 
attnbute the mcreased uptake of lactic acid to a suppression of the oxidation of 
other substrates, but ascnbes it to a facihtation of its absorption from the capd- 
lanes due to dilatation of the coronaiy vessels 
In mild anoxemia of the mammaban heart-lung or heart-oxygenator prepara- 
tion lastmg even for considerable penods, the function and metabolism of the 
organ do not seem to become impaired to an appreciably greater extent than 
occurs mth time at a normal oxygen tension The usage of oxygen (123) and of 
lactate (16, 207) is mamtamed at or near the normal levels, and there is no 
marked depletion of the glycogen stores, provided glucose or lactate are added 
(16, 207) Sudden failure of the heart occurs when the oxygen tension m the blood 
18 lowered to below 30 to 40 per cent saturation (16, 99, 123), and this failure is 
associated with exhaustion of the reserves of glycogen (16, 207) and of energy- 
nch phosphates (p 322) It is not surpnsmg that m severe myocardial anoxia 
brou^t about by occlusion of the coronanes the uptake of lactic acid is arrested 
(115) This IS accompamed and perhaps preceded by destruction of diphospho- 
pyndmenucleotide (DPN), the coenzyme of lactic dehydrogenase (91) It re- 
mains to be seen whether this also occurs m less severe myocardial anoxia 
The posaibihty has been suggested (24) 

C. Balance of Energy-Rich Phosphale 

Knowmg that the free energy made available m oxido-reductions is used m 
muscle for mechamcal work through the mtercession of ATP and, mdirectly, 
phosphocreatme, with which ATP is m rapid equihbnum, the question of whal; 
constitutes, from the pomt of view of energetics, the cause of failure of the heart 
can be reformulated somewhat differently Is the heart failure due to impairment 
of the generation or of the utihzation of phosphate bond energy? 

The ATP and phosphocreatme content of the heart at any time reflects the 
balance between the rates of synthesis and breakdown The mterpretation of 
changes m content has therefore to take mto account the likelihood of changes 
m the rate of both processes Unfortunately this is made difBcult by the paucity 
of information concemmg the effect of variations m frequency of beat, work, 
diastolic volume, and other cardiodynamic factors on the ATP and phosphocrea- 
tme content of the heart However, there are mdications that normally, withm 
fairly wide limits, it is mdependent of the activity of the heart (245a, 259) 
Ordinarily, therefore, a decrease m the ATP and phosphocreatme content of a 
failmg heart may be mterpreted as an mdication of deficient synthesis, although 
the possibihty of wasteful ATP hydrolysis must be taken mto consideration, 
whereas a constancy or an mcrease m the content of ATP and phosphocreatme 
can be accepted as evidence of deficient utilization 

In the rapidly beatmg warm-blooded heart the contmued resynthesis of phos- 
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phocreatme and ATP is highly dependent upon an efficient aerobic metabolism 
Under anaerobic conditions phosphocreatme disappears rapidly, followed by 
depletion of ATP , and the heart fails rapidly and may go mto contracture (^, 
28, 243) In the frog heart deprived of oxygen these changes are much slower and 
just enough energy-nch phosphate can be formed by glycolj^is to mamtain 
the beat at only moderately reduced strength for as long as an hour, provided 
the perfusion fluid is alkaline enough to neutrahze the lactic acid formed (37) 

A decrease in the ATP content of the warm-blooded heart has also been noted 
in thiamme deficiency (30) In this condition, which eventually leads to dis- 
turbances of cardiac function, one of the mam pathways of metabolic eneigy 
production is blocked due to mactivation of pyninc oxidase through lack of its 
coenzyme, thiamine diphosphate The metabohc defect has been demonstrated 
m heart muscle of thiamme deficient animals (180, 193) Another important 
metabohc disturbance affectmg cardiac function is caused by excess of thyroid 
hormone The disturbance is characterized by exhaustion of the cardiac stores 
of ATP (9, 161) and phosphocreatme (68, 161, 217, 219) Concomitant losses 
m glycogen content have been attnbuted to increases m the rate of beat How- 
ever, heart rate increases of the magmtude produced by excess thyroid hormone 
have no effect per se on the phosphocreatme and ATP content of the muscle 
(259) The mechamsm of the metabohc derangement in the thyrotoxic heart is 
not known In view of the fact that oxygen consumption is elevated and energy 
utihzation certainly not improved, the depletion of the energy resen es would 
be consistent with the assumption that either the oxidative synthesis of ATP 
and phosphocreatme is inefficient or that the energy set free on dephosphoryla- 
tion of ATP IS wasted Both thiamme deficiency and thyrotoxicosis lead to 
heart failure which, like cardiac failure produced by acute anoxia, is resistant 
to the action of cardiac glycosides (p 328) 

In the asphyxiated heart, cold- or warm-blooded, the dechne in work capacity 
IS roughly proportional to the dechne of the phosphocreatme concentration 
(27, 28, 37, 243), and on admission of oxygen both return to normal (37) The 
loss of ATP does not ordmanly become serious under these conditions until the 
phosphocreatme stores are exhausted, for the reason that ATP is resynthesized 
at the expense of phosphocreatme, and not necessarily because phosphocreatme 
might be the primaty energy donor for the cardiac systole, as some authors (28, 
29) contend On the basis of experiments such as these, the so-called “phosphagen 
index” — the ratio of the phosphate of phosphocreatme to the morgamc ortho- 
phosphate — has been introduced as a chemical measure of the phj'siological 
state of the heart (44) Apart from the fact that this index is objectionable 
on chemical grounds because in muscle phosphocreatme is not in direct eqmhb- 
num with morgamc phosphate, the interpretation given has validity only when 
the work capacity of the muscle is stnctly a function of the rate of formation 
of energy-nch phosphate 

There are situations u here this is not the case Clark, Eggleton and Eggleton 
(37) found that ’fthen the isolated frog heart is arrested or its beat weakened by 
lack of calcium, excess of potassium, or bv a narcotic such as ethyl urethane. 
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its phogihocreatine content remains undiminished Hence, these forms of failure 
are due to mactivation of the energy utilizmg mechanisms and not to metabohc 
eidiaustion It -will be recalled that a sumlar conclusion ivas reached by Clark 
(38) on the basis of respirator}’- data 

In later experiments Clark and Eggleton (36) observed that frog hearts 
poisoned ivith lodoacetic acid m the presence of oxygen eventually reached the 
stage of contracture or ngor -with their phosphocreatme stores mtact Arrest 
could be hastened by reducmg the oxygen pressure and yet, m contrast to arrest 
m complete anaerobiosia, there was no loss of phosphocreatme These results are 
doubly mterestmg because the occurrence of contracture or ngor -without deple- 
tion of phosphocreatme is unusual and because the depression of cellular func- 
tion on reducmg the oxygen pressure was not due to deficient synthesis of phos- 
phocreatme Failure of mammalian heart muscle treated aerobically with 
lodoacetate is disassociated from phosphocreatme depletion insofar as it occurs 
considerably ahead of the depletion (29) This is beheved to mdicate that the 
contractile mechamsm is depressed to a greater extent than the metabolism 
This hypothesis, however, could not explam the results of Clark and Eggleton 
(36), since m their experiments the same concentration of lodoacetate which 
caused contracture withm fifteen mmutes at low oxygen pressure had no effect 
for hours m air Hence, contracbhty could not have been directly unpaired 
Spontaneous failure of the isolated mammalian heart may or may not be 
associated with “chemical” failure, dependmg upon experimental conditions 
When the heart is perfused with a salt solution the phosphocreatme content is 
decreased at the onset of failure and contmues to decrease as failure progresses 
(Mugge, 172, Weicker, 243, 244) Accordmg to Mugge the ATP concentration 
remains imchanged throughout, accordmg to Weicker it is diminished, and, as 
reported earher by Pamas and Ostem (182), there is also a loss of adenyhc acid, 
probably due to deamination and possibly further breakdo-wn, as is to be ex- 
pected when synthesis of ATP is deficient This failure is also accompamed by a 
decrease m o■^ygen uptake (197, 198) The danger of anoxia looms large m the 
mammalian heart perfused with Rmger, particularly durmg the settmg up of 
the preparation, and other essential cell constituents besides adenyhc acid may 
be destroyed or washed out (24) These dangers are minimized m the heart suj)- 
phed -with blood Indeed, analyses performed by the present author (254) reveal 
that the spontaneously failing heart m the heart-lung preparation retains its 
normal complement of ATP and is even richer m phosphocreatme than the non- 
failing heart In this form of heart failure, therefore, it is the utilization and not 
the generation of phosphate bond energy which is at fault In the same pubhca- 
tion, unchanged ATP and elevated phosphocreatme values are also reported to 
have been found m heart failure resultmg from the administration of various 
ai' esthetics and other toxic drugs, m spite of the fact that some of these com- 
pC’Unds have a direct depressant action on the o-adative metabolism of heart 
muscle (86, 258) It has been suggested (119) that the high phosphocreatme and 
ATP content of the majority of the failmg hearts m these experiments may have 
been the result of a decrease m the work load However, the data pro-vade a few 
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examples showmg that a spontaneously failmg heart may perfonn a normal 
amount of work without differmg appreciably, with respect to the distnbution of 
the energy-nch phosphates, from a heart doing little work Furthermore, it has 
been found (259) that even very wide vanations m “volume” work have httle 
effect on the ATP and phosphocreatme levels m the heart of the heart-lung prep- 
aration Variations m “pressure” work, on the other hand, produce changes in the 
phosphocreatme level m a direction opposite to the changes m arterial pressure. 
But m order to produce significant effects the pressure changes have to be pro- 
nounced, more pronounced, m fact, than those which occurred m spontaneous 
failure and m the majority of the drug-mduced failures m my above mentioned ex- 
pienments Therefore, the adequacy of the energy-nch phosphate supply of the 
heart m spontaneous experimental failure can hardly be attnbuted to a sparmg 
action of decreased work The same can probably be said of failure mduced by 
drugs which do not specifically mhibit the oxidative metabolism 

The instabihty of phosphocreatme and ATP precludes their determination 
m human autopsy matenal Reasonmg that the estimation of creatme after 
death might be a substitute for the estimation of phosphocreatme m life, Hen- 
man and Decherd (113) and Myers and Mangun (173, 175) have amassed an 
impressive amount of clinical data, shoinng, m confirmation of earher reports 
(15, 41, 42), the creatme content of the heart to be abnormally low m patients 
who had died of congestive heart failure The creatme content m the myocardium 
of animals with expenmentally damaged hearts was likewise found to be lower 
(113) The authors beheve that m all probabihty the heart in congestive failure 
has an madequate supply of phosphocreatme 

Idttle factual evidence exists as yet to back up this contention The amount of 
creatme bound to phosphate m the myocardium is merely a mmor fraction of 
the total creatine (22, 48, 190, 254), and the ratio between the two appears to 
vary widely from heart to heart (254) Hence caution is required m mterpretmg 
differences m myocardial creatme m terras of changes m phosphocreatme The 
reported decreases m the creatme content of the heart m congestive failure may 
turn out to have a sigmficance unrelated to hypothetical decreases m phospho- 
creatme It IS not knoivn at present what other vital role creatme plays m muscle 
m addition to serving m phosphate transfer There are mdications (48) that 
the inherent strength of cardiac muscle vanes with its creatme and not with its 
phosphocreatme content 

The studies of the human heart were extended by Mangun and Myers (157) 
to mclude determmations of total acid-soluble purmes, the larger part of which 
was presumably present before death in the form of adenosine compounds 
The results show a deficiency of the acid-soluble punnes m the cardiac ventncles 
of patients who had died of myocardial failure Whether this actually means 
that the ATP content was low before death remains to be venfied 

The same authors (158, 173) suggest that, since phosphocreatme and ATP 
probably exist m the cell largely as potassium salts (174), loss of these compounds 
mieht account for the low potassium content found m the myocardium of pa- 
tients who had died of congestive heart failure (107, 158, 248) However, the low 
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potassium content of the heart in congestive failure may also have other causes. 
There are reasons to believe that the amount of potassium inside the muscle 
fiber IS closely correlated to the physical state of myosm (cf 67, 228) In view 
of evidence indicatmg that the solubihty (60, 171) and electrophoretic pattern 
(59, 117) of myosm of fatigued muscles differ from those of rested muscles, the 
possibihty should not be overlooked that the state of myosm m the myocardium 
might be altered m heart failure 

In a review of their work, Myers and Mangun (175) refer briefly to unpublished 
observations on dogs with aortic insufficiency No losses m acid-soluble phos- 
phates were seen m the left ventncles dunng the early stages of cardiac failure, 
but in the late stages a decrease in the ATP and phosphocreatme content was 
noted m two dogs More determinations of this sort are needed before the sig-. 
nificance of the clinical data can be properly assessed. Until such time any pro- 
nouncement as to the status of ATP and phosphocreatme m the heart m chrome 
congestive failure will be more or less arbitrary 

m THE METABOUC ACTION OF THE CARDIAC GLYCOSIDES 

A Total Energy Ltberatwn and Viilizalton by the Heart 

1 Therapenlic Concentrations a Absence of Heart Failure The cardiac gly- 
cosides do not appreciably mcrease the v ork of the heart m a good physiological 
condition It is important to know whether they may, nevertheless, influence 
its metabolism Usmg the isolated frog heart perfused with Rmger’s solution, 
Eismayer and Qumcke (62) obtained considerable increases m oxygen uptake 
and carbon dioxide output \nth a very low concentration of strophanthm (1 10’) 
which had no influence on the work output On addition of small amounts of 
strophanthm to the isolated frog auncle, David (47) noted a similar mcrease m 
respiration, which was later followed by a dechne to below the normal level 
Smee the frequency of beat was lowered and the amphtude of contraction not 
augmented, the stimulation of metabolism can be regarded, as in Eismayer and 
Qmneke’s experiments, to represent a pnmaiy effect In earher experiments on 
the isolated frog heart, Gottschalk (90) had failed to note any mcrease m oxygen 
consumption by strophanthm 1 10* or by higher concentrations which even- 
tually produced toxic effects Because an mcrease m oxygen consumption may be 
obtamable only under favorable axpenmental conditions, the findmgs of Eis- 
mayer and Qmncke and of David probably carry greater weight than the negative 
results of Gottschalk 

The fact that m the experiments of Eismayer and Qumcke and of David 
the mechamcal efficiency declmed, due to the nse in oxygen uptake, is perhaps 
mdicative of a dislocation m the normal mterplay of the vanous cellular functions 
and may therefore be regarded as a toxic effect There is no way of teUmg from 
the data whether the excess energy hberated is completely wasted as beat or 
whether some energy requinng activity other than contraction-relaxation is 
stimulated Smee imder different circumstances the heart is made to work more 
econonucaUy by the cardiac glycosides, the latter alternative seems more likely 
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The argument that the liberation of the extra energy is itself a phenomenon 
characteristic of the “toxic” as contrasted to the “therapeutic” phase of action 
of cardiac glycosides on the heart (84, 97) is not very helpful because the processes 
imderlymg both phases may be the same 

The gaseous metabolism of the non-faihng heart-limg preparation of the 
dog as well as its work and diastolic volume has been found by Gollwitzer-Meier 
and Kruger (86) to be practically unchanged after administration of therapeuho 
doses of strophanthm Gremels (97) has presented data showing the oxygen 
consumption and the frequency of beat of the freshly prepared heart-lung prep- 
aration to be markedly reduced following the admimstration of Hmall amounts 
(5 pgm ) of strophanthm or digitoxm These effects seem to be due to sensitization 
of the denervated heart to residual vagal activity because they can be reproduced 
by infusion of mmute amounts of acetylchohne which m themselves are not 
effective (cf also 46) Gremels beheves that the decrease in oxygen consumption 
IS a phenomenon mdependent of the decrease m heart rate 

Cattell (26) has found that the tension and the total heat produced m the 
tmtch of the frog sartonus suspended m a gaseous environment are both in- 
creased after previous exposure to ouabam, the mechamcal efBciency remauung 
unchanged This is soon followed by a decrease m tension, heat output, and 
efficiency, and finally by loss of excitabihty The imtial changes and the mexcit- 
ability, but not the decrease in efficiency, are probably related to the escape of 
potassium from the muscle fiber and its accumulation at the membrane (103) 
Increased movement of potassium is a promment chemical feature of the toxic 
and perhaps also of the positive motropic action of the cardiac glycosides on 
cardmc muscle (see p 343) 

b Spontaneous Failure of the Isolated Heart In the isolated mammalian heart 
perfused with Locke solution m which ^ontaneous failure is characterized by a 
proportionally equal dechne m work and total energy hberation (197, 198), 
the positive motropic action of strophanthm is associated with an mcrease m 
oxygen uptake, wthout appreciable changes m mechamcal efficiency (199) 
This IS also true m hearts beating isometncally at approximately constant 
diastolic volume 

The changes m cardiac energetics charactenzmg the spontaneous failure of 
the heart m the mammahan heart-lung preparation are likewise reversed by the 
cardiac glycosides Most authors agree that the heart is enabled to perform more 
work Avith a relatively or even absolutely smaller expenditure of energy (86, 
95, 168, 185) Claims that the oxygen consumption mcreases m proportion to 
the w’ork done and that consequently the improvement m w ork performance is 
due to increased liberation of energy (206, 208) have been dismissed as based 
on questionable methods of estimatmg work (84) and oxygen consumption (234) 
When the venous blood supply to the heart is kept constant durmg recoveiy 
from spontaneous failure the mcrease m work is accompanied by an actual 
decrease m oxygen consumption (86, 95) The decreased oxygen consumption 
IS said to be proportional to a decrease m ex-temal diastolic x olume (86) While 
there cannot be the slightest doubt concemmg the unprox ement of energy utiliza- 
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tion, the complexitj’’ of the changes renders their interpretation difficult The 
analj'sis of the relation between the cardiodynamic and energetic changes be- 
comes easier if either work or diastohc i olurae is kept constant The latter is the 
procedure followed by Peters and Visscher (185) At constant external diastolic 
volume the oxygen consumption of the spontaneously faffing heart is found to 
mcrease followmg the administration of vanous cardiac glycosides (sciUaren, 
ouabam, digilamd) The utffization of hberated chermcal energy for work is 
improved even more At the peak of the therapeutic effect, just before irregulan- 
ties occurred, the mcreases m oxygen consumption amounted to 16 to 52 per 
cent, the mcreases in mechamcal efficiency, to 60 to 153 per cent Peters and 
Visscher conclude that this represents an improvement m “true” mj^ocardial 
efficiency The mcrease m metabolism is probably not merely a borderlme mani- 
festation of poisonmg, as GoUwitzer-Meier (84) suggests, smce Peters and Vis- 
Echer’s curves show it to occur before the maximum therapeutic effect is reached 
However, these authors th mk that it may be due to a change m the hydration 
of the myocardium which, judgmg from their discussion of hydration changes in 
failure, presumably results m mcreases m the mtemal and mean diastohc \ol- 
umes Moe and Visscher (168) state, though this is by no means apparent from 
their pubhshed data, that there is no change m total energy output followmg 
small doses of digilanid (0 04 to 0 1 mg ) which mcrease the efficiency of the 
spontaneously faffing heart m the heart-lung preparation In vieu of these inter- 
pretations and findmgs and the apparent absence of a metabobc effect m the non- 
faffing mnmmnli an heart (86), it IS not possible at present to attach decisive sig- 
nificance to the reported mcreases m energy hberation, altnough there is some 
justification for domg so m the case of the frog heart (p 325) 
c ChamcaHy Induced Heart Failure In the isolated frog heart weakened by 
ethyl alcohol or lack of calcium, low concentrations of strophanthm (1 2 X 10’) 
produce an increase m respiratory activity which appears to be secondary to the 
mcrease m mechamcal activity (62) In the mamniahan heart-lung preparation 
a variety of substances with a negative motropic action have been shown to be 
antagonized by the cardiac glycosides Where the energetics of the heart ha\e 
been studied a reversal of the changes produced by the depressants has usuaffi' 
been seen Conflictmg statements concemmg the direction of the reversal stem 
from disagreement as to the nature of the changes (see pp 316-317) Accordmg 
to Fahr and Buehler (65) therapeutic doses of digilamd Ion er the supposedl} 
elevated oxygen uptake of the heart in failure mduced by chloral hydrate ap- 
parently m proportion to a reduction m diastohc volume At approximateh 
constant diastohc \ olume the oxygen uptake remains unaltered But Peters and 
ITsscher (185) present an example of a dramatic rehef by sciUaren of heart 
failure due to ethyl alcohol where at constant diastohc volume the oxj^gen con- 
sumption rose 77 per cent and the mechamcal efficiency 204 per cent Gremels’ 
assertion (95) that the respiration of the heart weakened by barbituric acid 
derivatives is lowered by cardiac glycosides has been repeatedly demed (86, 206, 
208) Although the diastohc volume of the barbiturate-poisoned heart is de- 
creased by strophanthm (86), the oxygen uptake may actually mcrease (208) 
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The argvunent that the hberation of the extra energy is itself a phenomenon 
characteristic of the “toxic” as contrasted to the “therapeutic” phase of action 
of cardiac glycosides on the heart (84, 97) is not very helpful because the processes 
underlying both phases may be the same 

The gaseous metabohsm of the non-failmg heart-lung preparation of the 
dog as well as its work and diastohc volume has been found by GoUwitzer-Meier 
and Kruger (86) to be practically unchanged after administration of therapeutic 
doses of strophanthm Gremels (97) has presented data showing the oxygen 
consumption and the frequency of beat of the freshly prepared heart-lung prep- 
aration to be markedly reduced foUowmg the administration of RTnall amounts 
(5 Mgm ) of strophanthm or digitoxm These effects seem to be due to sensitization 
of the denervated heart to residual vagal activity because they can be reproduced 
by infusion of mmute amounts of acetylchohne which m themselves are not 
effective (cf also 46) Gremels beheves that the decrease m oxygen consumption 
IS a phenomenon mdependent of the decrease m heart rate 

CatteU (26) has foimd that the tension and the total heat produced m the 
tivitch of the frog sartonus suspended m a gaseous environment are both m- 
ereased after previous exposure to ouabam, the mechamcal efficiency remaining 
unchanged This is soon followed by a decrease m tension, heat output, and 
efficiency, and finally by loss of excitabfiity The mitial changes and the mexcit- 
ability, but not the decrease m efficiency, are probably related to the escape of 
potassium from the muscle fiber and its accumulation at the membrane (103) 
Increased movement of potassium is a promment chemical feature of the toxic 
and perhaps also of the positive motropic action of the cardiac glycosides on 
cardiac muscle (see p 343) 

b Spontaneous Failure of the Isolated Heart In the isolated mammalian heart 
perfused with Locke solution m which spontaneous failure is characterized by a 
proportionally equal dechne m work and total energy hberation (197, 198), 
the positive motropic action of strophanthm is associated with an mcrease m 
oxygen uptake, ivithout appreciable changes m mechanical efficiency (199) 
This is also true m hearts beatmg isometncally at approximately constant 
diastohc volume 

The changes m cardiac energetics charactenzmg the spontaneous failure of 
the heart in the mammahan heart-lung preparation are likewise reversed by the 
cardiac glycosides Most authors agree that the heart is enabled to perform more 
work with a relatively or even absolutely smaller expenditure of energy (86, 
95, 168, 185) Claims that the oxygen consumption increases m proportion to 
the work done and that consequently the improvement m v ork performance is 
due to mcreased hberation of energy (206, 208) have been dismissed as based 
on questionable methods of estimatmg work (84) and oxygen consumption (234) 
When the venous blood supply to the heart is kept constant durmg recovery 
from spontaneous failure the mcrease m work is accompanied by an actual 
decrease m oxygen consumption (86, 95) The decreased oxygen consumption 
IS said to be proportional to a decrease m external diastolic \ olume (86) While 
there cannot be the slightest doubt concemmg the improi ement of energy utiliza- 
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importance m the activity of the tissue is also suggested by the great vanety of 
chemical changes and pharmacological agents which are antagonized by the 
cardiac glycosides, compnsmg, m addition to alterations of the evtra-cellular 
lomc environment and the changes responsible for the development of spon- 
taneous heart failure, not only hypnotics, histamme, and camphor, but a host of 
compounds not used m the above studies, such as volatile anesthetics, cocame, 
heavy metals and qumohne denvatives 
2 Toxic Concenirahons Doses of atrophanthm leadmg eventually to ventric- 
ular contracture* have been reported to reduce the respiration of the isolated 
ventricle of the frog heart (62, 90) The same effect has been observed m the 
strophanthin-poisoned frog auricle (47) In all these experiments the dechne 
m respiration paralleled the declme in work or amplitude of contraction and 
was interpreted as a secondary effect Near the pomt of contracture at minim al 
amphtudes of beat, the oxygen uptake, according to Gottschalk (90), is only 
about 30 per cent of the imtial rate, which is a value onlyshghtly higher than the 
normal restmg respiration of the frog ventncle (38) This observation has not 
been confirmed On the contrary, frog ventncular muscle treated with toxic 
doses of ouabain and descnbed to be m a state of contracture has repeatedly been 
found to respire at a rate exceedmg by far the resting respiration (233, 262) 
That Niemeyer and Lira, in Mardones’ laboratory (169), could not find a change 
m the oxygen uptake of the isolated frog heart treated with high concentrations 
of digdamd is perhaps not surpnsmg smce their measurements extended over a 
penod of only ten nunutes Salomon and Riesser’s (210) data which show no 
change m the oxygen uptake of isolated frog and mouse hearts m highly toxic 
solutions of digitoxm and strophanthin are not pertinent to this discussion^ 
because no information on the mechamcal activity or the physical condition of 
the muscle la given 

Ventncular contracture due to poisomng with cardiac glycosides rarely occurs 
m the mammalian heart supphed with blood Instead, foci of dischaige are set 
up m the ventncular musculature which give nse to tachycardia and, m com- 
bination with a slowmg or block of conduction, to severe irregulanties of rhythm 
and eventually to fibrillation The oxygen uptake of the heart m tachycardia 
can be expected to be high, but it seems to be elevated even in bradycardia, 
if there are extrasystoles (168) In the isolated warm-blooded heart perfused 
with Locke’s solution, contracture is the usual endpomt of cardiac glycoside 
poisomng, and in this state oxygen consumption is markedly augmented (199) 
This has also been observed m an instance of contracture produced by strophan- 
thm m a mammalian heart-lung preparation (86) No i^ormation is available 
on the metabohsm of skeletal muscle in contracture produced by high concen- 

*Thia effect of cardiac glycosides, incorrectly (227) called "systolic” standstill, belongs 
to the group of phenomena covered by Gasser’s (78) definition of “contracture” as a sus- 
tained, but non-propagated and reversible muscular shortemng or tension development 
The reversibility of the cardiac glycoside contracture has been demonstrated in the frog 
heart by means of n ashing with heart muscle extracts (109) and with thiamine triphosphate 
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This probably depends on the changes in work performance There may also be 
an increase in mechanical efficiency (86), however, as in the reversal of heart 
failure produced by camphor (95), this increase can be accounted for by the 
resumption of the normal relation between work and oxygen consumption with 
respect to output, i e , by the well-known improvement of mechanical efficiency 
accompanymg the rise in volume work of the non-failmg heart (63) 

General agreement exists (86, 185, 206, 208) that in failure due to histamine, 
strophanthin mcreases the oxygen consumption of the heart, a change which 
occurs in spite of a reduction in external diastohc volume (86, 185) Smce at the 
same tune the work mcreases to an even greater extent, the mechamcal efficiency 
18 mcreased (86, 185) Accordmg to a hypothesis advanced by Ruhl (206), the 
therapeutic action is a consequence of improved supply of oxygen to the myo- 
cardium due to facilitation of the diffusion of the gas across the walls of the 
capillaiy vessels The capiUaiy vessel action is held to be responsible also for 
the improvement of cardiac function m other types of heart failure Observations 
on human subjects showmg that mjection of strophantbm mto the cubital ar- 
tery mcreases the oxygen uptake m the cubital region are likewise mterpreted as 
indicative of changes m the capihanes favormg the diffusion of oxygen into the 
tissue (128) 

d Heart Failure Refractory to Cardiac Olycostdes It is not knoivn what influence, 
if any, the cardiac glycosides may have on cardiac metabohsm m heart failure 
m which they afford no rehef, but it is worth recordmg that they have been found 
to be of httle or no help m disturbances of cardiac metabolism such as myo- 
cardial anoxia (127, 129, 154, 223, 245) (but see also 232, 244), thiamme deficiency 
(71), and thyrotoxicosis (71), m which the contractile power of the myocardium 
IS known or presumed to be weakened by mterference with its energy supply 
The ineffectiveness of the cardiac glycosides m myocardial anoxia has been 
mterpreted as mdicatmg that they must act durmg the aerobic phase of con- 
traction (223), but the alternative interpretation, namely, that these drugs 
restore some non-oxidative process and hence are powerless when the heart 
fails due to mterference with the energy supply for recovery, is just as plausible 
and IS more consistent with what is known about the changes m the energy 
transformations m the heart durmg rehef of types of failures which respond to 
cardiac glycosides 

e Conclusion The results of the studies exammed above do not permit an 
unequivocal decision as to whether the mechanism of cardiac glycoside action 
18 bound up with energy hberation or with energy utihzation The evidence in 
favor of unproved utihzation of chenucaJ energy is strong At the same tune it 
18 clear that energy hberation by the heart may also be mcreased, apparently 
independently of other changes, and that this mcrease is particularly pronounced 
when the metabohsm is depressed m failure In view of the high specificity of 
action of the cardiac glycosides and of their effectiveness m trace amounts, it 
seems unlikely that these drugs reheve different forms of myocardial failure by 
more than one basic mechamsm and that they act directly upon more than 
one cellular system m the myocardium That this must be a system of general 
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abolished or greatly weakened by relatively minor structural alterations One 
would expect the relation between structure and cardiac activity to hold for any 
effect zrt mlro having a bearmg on the action in vivo. 

1 Fexmenialxon Incidental observations made durmg studies on yeast reveal 
that high concentrations of cardiac glycosides can both stimulate (177) and 
depress (216) alcohohc fermentation 

Of a different sort are mvestigations (75, 100, 142, 192, 213, 214, 231) re- 
ported on by Preund (72, 73) These mvestigations, as well as other studies from 
Freund’s laboratory to be discussed below, constitute the first systematic attempt 
to attack the problem of the mode of action of the cardiac glycosides by the 
methods of enzyme biochemistiy, and herem hes their ment Data are published 
according to which “therapeutic” concentrations of strophanthm and digitoxin 
and their genins (1 5 X 10°( O-l 5 X 10^ mcrease the anaerobic glycolysis of 
mmced mammalian heart and skeletal muscle, whereas higher, "toxic” concen- 
trations have as a rule a depressant effect The anaerobic glycolysis of brain is 
said to be mcreased at all concentrations A particularly pronounced loss of 
glycolytic power is reported to occur m the heart and skeletal muscle of stro- 
phanthm-poisoned animals (231) Freund (73) classifies the cardiac glycosides 
as agents which modify the carbohydrate metabolism not only of cardiac muscle 
but of hving tissue m general and imphes that this constitutes the mec h a nism 
of their therapeutic and tome action on the heart The fact that the experimental 
work on ishich these claims are based was performed by dental and medical 
students explains perhaps why the results were not confirmed by more responsible 
investigators 

An inhibition of glycolysis m fresh unwashed horse erythrocytes by stropban- 
thm m concentrations as low as 1.5 X 10* has been reported by Segre (218) 
The inhibition is asenbed to a shift m the lactic acid-pyruvic acid equihbnum 
m favor of the latter compound, the accumulation of which is stated to cause 
inactivation of glycolytic enzymes When the experiment is repeated m the 
presence of cyamde, strophanthm no longer inhi bits but stimulates glycolysis, 
due to the removal of pyruvate by the keto reagent These and other effects, 
to be discussed below, can be obtamed m hemolysates, t e , m the absence of 
protoplasmic structure 

Profound changes m glycolytic metabolism are produced by the cardiac gly- 
cosides m the bram Weese and Wiegand (242), iiRing shces of gumea pig bram, 
noted that strophanthm not only strongly inhi bits anaerobic glycolysis and 
moderately depresses respiration, but bnngs about a quahtatrve change m the 
aerobic metabolism which, dependmg on whether the tabular or the textual 
presentation of their results is to be beheved, constitutes either a pronounced rise 
of the respiratory quotient (R Q ) or a stimulation of glycolysis Detailed re- 
mvestigation of this matter m the same tissue and with additional glycosides 
(ouabam, digitaxm, scillaren, and others) showed that the R Q remains un- 
chan ged and that aerobic glycolysis is set m motion (258) At the same time 
respiration is temporarily mcreased and anaerobic glycolysis, as m Weese and 
Wiegand’s expenments, permanently depressed This inhibition of the Pasteur 
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trations of cardiac glycoadea, but skeletal muscle coutracture due to various 
other agents is characterized by an mcreased ovygen consumption (66) 

Recent evidence indicates that depolarization of the muscle fiber membrane 
IS the process which initiates contracture, and propagated contraction as well, 
and that the depolarized state is required for the mamtenance of the contracture 
(136, 137) From studies on nerve (13, 153) it has become apparent that the 
energy supphed by oxidative metabolism is the essential factor dete rminin g the 
restmg membrane potential and that membrane depolarization will bnng about 
an mcrease m oxygen consumption In muscle, such a relation could account for 
at least a fraction of the mcreased oxygen uptake m contracture, the shortened 
state of the fibers bemg possibly another factor favonng mcreased metabolism 
(228) 

If, for convemence, one considers the membrane changes apart from the 
energy requirements of the contractile system, the contracture which the cardiac 
glycosides produce m the heart of cold-blooded animals and m the warm-blooded 
heart perfused with a salt solution may be assumed to be due to a depolanzmg 
action on the membrane of the myocardial fiber Such a mechanism seems to be 
responsible for the increased ventricular automaticity (82) The absence of con- 
tracture m the warm-blooded heart supphed with blood might then be attnbuted 
to the circumstance that under this condition the tissue is able to release energy 
at a rate sufficient to restore the decreased membrane potential to a level per- 
mittmg relaxation, hence makmg possible renewed mitiation of contraction The 
ventncular contracture could thus be regarded as the sequence or the counter- 
part, respectively, of the mcreased ventncular automaticity 

B Total Energy Yielding Metabolism of Non-Beahng Heart Muscle and Other 

Tissues 

If the cardiac glycosides have an influence on the metabohc activity of the 
myocardium which is mdependent of changes produced m mechanical activity — 
and studies with non-failmg frog hearts (p 325) give us reason to believe that 
this 13 the case — this influence may be expected to be visible m the non-beatmg 
muscle For this reason and in order to study smgle reaction steps, mvestigators 
have turned to experiments mth cardiac muscle tissue in vitro Other tissues 
have been used, by some to test for selectivity of action, by others m the hope of 
demonstratmg absence of selectivity since the mam pathways of substrate catab- 
olism are largely the same in a great many living cells In evaluatmg the sig- 
nificance of the results of these studies with regard to the action on the beatmg 
heart, two cntena above all have to be apphed, namely, the specificity and the 
order of potency of the agent At high enough concentrations any substance can 
be expected to affect m some way or other vanous enzyme proteins and their 
prosthetic groups The cardiac glycosides, while combmmg with protems m the 
blood plasma (83) and bemg bound to organs other than the heart (241), have a 
particularly high affimty for the myocardium, but the effective concentrations 
m this tissue are extremely low' Furthermore, the cardiac activity depends on a 
number of characteristic structural features of the active molecule and may be 
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metabolifim of minced rat and gmnea pig hearts after the addition of strophan- 
fhm to give final concentrations ranging from 1 5 X 10^ to 1 3 X 10* They con- 
clude, and this may be accepted as a fair appraisal of the significance of the 
precedmg work as well, that experiments with mmced tissue are not very useful 
m bnngmg to hght possible metabohc effects of the cardiac glycosides on the 
beatmg heart Attention must be called to the fact that m all the above studies 
the cardiac tissue preparations were respmng at abnormally low rates 
"When, instead of the dl-defined mixture of whole and fragmented cells and 
free enzymes which goes to make up a fine tissue mmce, relatively mtact and 
more steadily respmng pieces of cardiac muscle m the form of shces are used, 
profound effects of the cardiac glycosides on the respiration become apparent. 
This has been, with a smgle exception (101), the common expenence m several 
laboratories as attested by the recent contributions of Lfvy and Libert (143, 
144, 146, 147), Wollenberger (251, 252, 253, 257, 258), Finkelstem and Bo- 
dansky (69) and DuBois et aL (57) In ^neral the respiratory action can be ob- 
tamed at low, pharmacologically relevant concentrations of the cardiac glyco- 
sides Its quahty and intensity depend, among other factors, on the concentration 
of the drug, the composition of the medium, and the species of animal Increases 
m the rate of oxygen uptake of as much as 200 per cent (146, 147) as well as 
total suppression of activity (259) have been observed. Significant changes m 
the R Q have not been noticed (253) In buffered Rmger or sunilar solution con- 
tainmg glucose or lactate, the oxygen consumption is, as a rule, accelerated at all 
glycoside concentrations, and magmtude and rapidity of this effect are, up to a 
maximum, proportional to the concentration (69, 251, 253) An analogous 
proportionahty characterizes the dechne m the rate of oxygen uptake which at 
higher than minimal effective concentrations follows the acceleration m cardiac 
shces of gmnea pigs (251, 253) and rats (144) High concentrations of ouabam 
have been reported to depress the oxygen uptake of rat heart shces m normal 
medium from the outset (144), but m these experiments readmgs were taken only 
once an hour, and it is therefore not unlikely that an imtial rise m activity might 
have been missed In ventncular muscle shces of the heart of the cat (69) and 
the dog (251), the sole action of glycosides even at maximal effective concentra- 
tions IS to produce a nse m respiration lastmg for as long as four to five hours 
The reason for this species difference is obscure, but m experiments m which 
only small amounts of dog heart tissues were used (20 mg wet weight or less per 
3 cc ) the duration of the nse m respiration was reduced and the rate fell below 
the control level (259) The dependence of aU these effects on environmental 
factors IS illustrated by observations that respiration may not be mcreased and 
may instead be depressed at once if the mcubation medium is altered by acidifica- 
tion (144), omission of substrate (147, 253), or omission of calcium ions (69), 
and that it has been possible to prevent the inhibition, but not the stimulation, 
of respiration m gmnea pig heart shces by mcubatmg them m boiled heart muscle 
extracts (252) 

So far only one other tissue besides cardiac muscle has been found which 
responds to cardiac glycosides with an mcrease m respiration, namely, bram 
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2 Respiration A bewildenng mass of data on the mfluence of cardiac gly- 
c(^ es upon tissue respiration is contained m a senes of dissertations from the 
oratoiy o Freund (21, 74, 76, 77, 135, 191, 214) Concentrations of vanoua 
cardiac glycosides and aglycones of the order of 1 10" to 1 10^ are credited with 
possessing a stimulatmg and m other cases an mhibitmg action on the oxygen 
uptake of mammalian and frog heart muscle suspended m phosphate buffer. 
At toxic concentrations (1 10*) inhibition of the respiratory metabolism is 
said by some authors (21, 74, 76, 191) to be the predominant effect m these tis- 
sues, whereas others (77, 135) msist on observmg a stimulant action, m brain 
and liver an mcrease m respiration is generally noted at all concentrations 
Unless one accepts the existence of radical differences between the mdividual 
drugs, there is no way of predictmg, from the kin d of substrate added or other- 
wise, the quality or mtensity of the action Of all these findmgs only the inhibition 
of respiration m mam m a l ian cardiac muscle, emphasized by Fruhauf (76) could 
be interpreted as being m agreement with the work of later authore (69, 259), 
though not m the extreme dilution range But even this action, or any other, is 
denied by Salomon and Riesser (210) who repeated Friihauf’s experiments 
Neither do these authors admit any effect of low or of high concentrations of 
strophanthin when the plam phosphate buffer is replaced by phosphate-Rmger 
Genmt and Haarmann (80), too, obtained onl\ msigmficant changes m the 
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metabohflm of mmced rat and guinea pig hearts after the addition of strophan- 
f.bin to give final concentrations ranging from 1"5 X 10’ to 1 3 X 10“ They con- 
clude, and this may be accepted as a fair appraisal of the significance of the 
precedmg work as well, that experiments with minced tissue are not very useful 
m bnngmg to hght possible metabohc effects of the cardiac glycosides on the 
beatmg heart Attention must be called to the fact that m all the above studies 
the cardiac tissue preparations were respirmg at abnormally low rates 
When, instead of the ill-defined nuxture of whole and fragmented cells and 
free ensymes which goes to make up a fine tissue mmce, relatively mtact and 
more steadily respmng pieces of cardiac muscle m the form of shces are used, 
profound effects of the cardiac glycosides on the respiration become apparent. 
This has been, with a smgle exception (101), the common expenence m several 
laboratories as attested by the recent contnbutions of L6vy and Libert (143, 
144, 146, 147), Wollenberger (251, 252, 253, 257, 258), Finkelstem and Bo- 
dankky (69) and DuBois ei al (57) In general the respiratory action can be ob- 
tamed at low, pharmacologically relevant concentrations of the cardiac glyco- 
sides Its quahty and intensity depend, among other factors, on the concentration 
of the drug, the composition of the medium, and the species of animal Increases 
m the rate of oxygen uptake of as much as 200 per cent (146, 147) as well as 
total suppression of activity (259) have been observed Significant changes m 
the R Q have not been noticed (253) In buffered Rmger or similar solution con- 
tammg glucose or lactate, the oxygen consumption is, as a rule, accelerated at aU 
glycoside concentrations, and magmtude and rapidity of this effect are, up to a 
inflYimiim , proportional to the concentration (69, 251, 253) An analogous 
proportionahty characterizes the dechne m the rate of oxygen uptake which at 
higher than minimal effective concentrations follows the acceleration m cardiac 
shces of gumea pigs (251, 253) and rats (144) High concentrations of ouabam 
have been reported to depress the oxygen uptake of rat heart shces m normal 
medium from the outset (144), but m these experiments readings were taken only 
once an hour, and it is therefore not unlikely that an imtial rise m activity might 
have been missed In ventncular muscle shces of the heart of the cat (69) and 
the dog (251), the sole action of glycosides even at maximal effective concentra- 
tions 13 to produce a nse m respiration lastmg for as long as four to five hours 
The reason for this species difference is obscure, but m experiments m which 
only small amounts of dog heart tissues were used (20 mg wet weight or less per 
3 cc ) the duration of the nse m respiration was reduced and the rate fell below 
the control level (259) The depiendence of all these effects on environmental 
factors 13 illustrated by observations that respiration may not be mcreased and 
may instead be depressed at once if the mcubation medium is altered by acidifica- 
tion (144), omission of substrate (147, 253), or omission of calcium ions (69), 
and that it has been possible to prevent the inhibition, but not the stimulation, 
of respiration m guinea pig heart shces by mcubatmg them m boiled heart muscle 
extracts (252) 

So far only one other tissue besides cardiac muscle has been found which 
responds to cardiac glycosides with an mcrease m respiration, namely, bram 
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bram (258), changes in the molecule which abolish cardiac activity, such as 
hydrogenation of the lactone nng or allomenzation at carbon 17, also abohsh 
the respiratoiy response (259) Among the metabohcally inactive compounds are 
also simpler unsaturated lactones which produce contracture m the perfused 
frog heart and several structurally unrelated cardiac agents, among them epi- 
nephnne Agam, like m bram (258), the metabohc effect is ehcited by low, ph}^- 
ologically relevant concentrations of structurally related alkaloids which have a 
digitahs-hke action on the heart, viz , the steroid veratrum alkaloids veratndme 
and protoveratnne and the tnterpenoid eiythrophleum alkaloid co umingin e 
(259) 

3 Mechanisms No satisfactory explanation has been given for the mcrease or 
the subsequent decrease m the rate of respiration of cardiac and bram cortex 
shces by the cardiac glycosides I suggested at one time (253) that at least a 
fraction of the mcrease m respiration is due to mcreased permeability to exoge- 
nous oxidizable substrates and attnbuted the inhibition of respiration and also 
of anaerobic glycolysis to a loss of diffusable oxidative catalysts. 

Changes m cell permeabihty have been mvoked on a number of occasions, 
usually on purely speculative grounds, m order to account for unexplamed ef- 
fects of cardiac glycosides Some evidence of both mcreases and decreases m 
membrane permeabihty to various substances has been obtamed m experiments 
with erythrocytes and model membranes (141, 241) The findmg that the fixa- 
tion of Bnlliant Congo Red by the isolated frog heart is slowed m the presence of 
small amounts of ouabam has been taken as an mdication of a decreased perme- 
abihty of the cardiac muscle fiber (209) On the other hand, abnormal deposition 
of vital dyes m the myocardium of animals poisoned with digoxm is suggestive 
of an mcreased permeabihty (249), but this change may he entirely mcidental to 
the development of anatomical lesions 

The permeabihty hypothesis of the stimulant action of the cardiac glycosides 
on heart and bram tissue respiration is mainly based on experiments (147, 253) 
showmg that m gumea pig and rat heart shces the mcrease m respiration is pro- 
portional, withm limits, to the concentration of glucose or lactate m the sur- 
roundmg medium and does not occur m the absence of these substrates In 
support of this hypothesis could also be cited the findmgs that there is no mcrease 
but only a declme of the rate of metabolism when the permeabihty of the cell is 
abnormally high to start with, such as m the absence of calcium (69) and m 
anaerobiosis (147, 252) 

That not more than a fraction of the mcrease m the oxygen uptake caused by 
cardiac glycosides may be due to accelerated oxidation of exogenous substrate is 
emphasized by the findmgs that m cat heart shces this mcrease is not entirely 
dependent on the presence of added substrate (69) and that m dog heart shces 
mcubated m glucose-contammg solution it is greater than can he accounted for 
by an mcrease m glucose uptake, even assuming complete combustion of the 
extra sugar taken up (259) In the restmg ventncular muscle of the frog the stimu- 
latmg effect of cardiac glycosides on the respiration is entirely mdependent of the 
presence or concentration of exogenous glucose (262) These findmgs, particu- 
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frog ventricular muscle by high concentrations of ouabain precedes the onset of 
contracture and occurs also m the presence of low concentrations of the glycoside 
not producing contracture 

The increase in the respu^tion of cardiac muscle tissue even by “non-tovic” 
amounts of cardiac glycoades has been suspected to be an early sign of tissue 
damage (253), and at any rate perhaps mdicates that some energy requiring 
process, for avample, membrane polanzation, is placed under heavy stress It has 
not been my behef (253) that this mcrease m respiration might be responsible for 
the mcrease m myocardial contractihty m heart failure m the sense that it might 
furnish extra energy needed for restormg to normal the contractile response 
Such a contention would be diffi cult to reconcile with the findmg (see 254) that 
the cardiac glycosides are fully effective m cases of heart failure m which meta- 
bohc energy production is perfectly adequate for keepmg the muscle plentifully 
supphed with ATP and phosphocreatme 

On the other hand, I was tempted to postulate a causal relationship between 
the inhibition of respiration by the cardiac glycosides m cardiac muscle and their 
toxic action on the function of the organ (253), havmg been impressed by the 
finding that the minima l lethal doses of various cardiac glycosides for the iso- 
lated gmnea pig heart produce a 50 per cent inhibition of what is probably the 
basal axygen consumption of the muscle, and also for the supplementary reason 
that the anatormcal lesions and the electrocardiographic abnormahties seen m 
the myocardium of animals poisoned with digitalis are mdistmguishable from 
those produced by prolonged anoxia (50) This hypothesis is no longer tenable, at 
least not as far as the acute toxic effects are concerned. The rate of respiration tn 
vitro of cardiac muscle of dogs followmg slow infusion of toxic doses of ouabam 
IS at first much higher than that of cardiac muscle of control dogs (257) Only 
dunng the course of prolonged mcubation does the rate of respiration fall below 
the control level The depression of respiration may be due to additional damage 
caused by the artificial bathmg flmd or other imph 3 ^ological conditions of exper- 
imentation The possibihty remains that some of the manifestations of chrome 
cardiac poisomng, mcludmg the development of anatomical lesions, may be ac- 
companied or even preceded by a dechne m respiratory power This possibility is, 
m fact, suggested by the findmg of Libert (146) that the oxygen uptake of shces 
cut from hearts of rats which have been mjected with a toxic dose of digitoxm is 
markedly depressed twenty-four hours followmg the mjection, while it is higher 
than normal if the animals are sacrificed dunng the first five hours 

C Intermediary Metabolism 

1 Carbohydrate Metabolism of the Beating Heart Gremels (98) reports that the 
utihzation of glucose by the heart m the freshly prepared as well as m the spon- 
taneously detenoratmg heart-lung preparation of the dog is markedly mcreased, 
at a constant work level, by cardiac glycosides This effect which can be ehcited 
by as little as 1 pgm , for example, of strophanthoside, is stated to precede the 
improvement of the efficiency of work and is arbitrarily mterpreted as a potenti- 
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larly the latter, indicate that an increase in permeabihty to substrates is not the 
cause, certainly not the most important cause, of the enhanced respiratory activ- 
ity' of cardiac muscle exposed to cardiac glycosides The increased rate of permea- 
tion of glucose mto dog and probably into other mammalian heart muscle, in 
which the cardiac glycoside effect is partly or wholly dependent upon extra 
cellular substrate, may be merely a consequence and not a cause of the accel 
erated oxidation of this substrate inside the cell 
The hyipothesis that increased permeabihty, by allowmg oxidative catalysts 
to diffuse out of the cell, is responsible for the inhibitory action of the cardiac 
glycosides on the metabolism of heart and bram shces fits a number of expen- 
mental facts very well, such as the mtensification of the mhibitory effect by 
washing (253) , its prevention by contact with boiled heart muscle extract (262), 
a medium rich m various metabohtes and morgamc and orgamc cofactors, the 
unimpaired activity of the succmic oxidase system, which functions without 
pyndine nucleotide, m otherwise severely poisoned cardiac slices (253), and, 
finally, the mverse relationship between tissue concentration and the rapidity and 
mtensity of respiratory inhibition m heart shces from ouabam-poisoned dogs 
(257) Interestingly enough, mtensification of certam toxic effects of cardiac 
glycosides by means of washmg with Rmger’s solution occurs also in contracting 
skeletal muscle (200), and reversal of the toxic action on the frog heart can be 
effected by means of washmg noth extracts of heart muscle (109) 

The permeabihty hypothesis, however, is not helpful m explammg the lack of 
correlation between tissue concentration and mtensity of the inhibitory effect on 
the metabohsm of bram cortex (253), nor does it explam the effectiveness of 
mcotmamide (0 04 M) and the meffectiveness of DPN (0 001 M) m preventing 
the inhibition of anaerobic glycolysis in ouabam-treated bram (258) The latter 
phenomenon is taken to mean that not outward diffusion, but outright destruc- 
tion of the coenzyme by its nucleosidase is a cause of the inhibition of glycolysis 
Nicotinamide, however, does not protect against inhibition of the aerobic me- 
tabolism Increased DPN-ase activity, therefore, could not be the sole effect of the 
cardiac glycosides Other hydroljdic enzymes might conceivably be released from 
an inactive state The stimulation of aerobic glycolysis m bram, not explainable 
on the basis of mterference with oxidative phosphorylation (258), likewise pomts 
to the removal of a bamer normally restnctmg cellular enzymatic activity 
Changes m the colloidal state of protoplasm, reported to occur m the presence of 
cardiac glycosides (141, 241), might conceivably be responsible for these effects 
by makmg ordinarily inaccessible enzyme surfaces available to them substrates 
Finkelstem and Bodansky (69) have called attention to the possibility that the 
mcreased oxygen consumption of cardiac shces mcubated m the presence of 
cardiac glycosides may be associated with contracture of the muscle Indeed, 
Victor (233), who reported that ouabam m rather high concentrations greatly m- 
creases the oxygen consumption of the restmg frog ventncle, found the muscle in 
a firmly contracted state at the end of his expenments The contracture hypoth- 
esis however, could not explam the mcreased oxygen uptake m bram tissue 
Furthermore, Yaffe (262) has found that the nse m the oxygen uptake of restmg 
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strophanthm- and digitoxm-poisoned heart-lung preparation According to 
Cherkes’ interpretation (32) the decrease in lactic acid uptake is due to impair- 
ment of its oxidation and its resynthesis to glycogen resultmg from myocardial 
anoxia and does not represent a specific toxic effect of the cardiac glycosides 
However, smce the oxxgen utihzation by the digitalis poisoned heart m the heart- 
lung preparation has been shown to be \ ery high (97, 168), a more hkely altema- 
tne is that the obser\ ed shift in the lactic acid balance is the result of accelerated 
glycogenolysis, perhaps in response to hea\y demands imposed upon the energj’ 
pro\n(hng mechanisms (see also 148) 

2 Isolated Tissues and Oxidalux Enzymes The influence of vanous cardiac 
glj cosides on the dehydrogenases involved m the oxidation of glucose and some 
of its intermedianes has been studied by students of Freund (72) by means of the 
Thunberg techmc and usmg n ashed cardiac and skeletal muscle mmces as 
sources of the enzymes The results are highly conflictmg Thus strophanthm in 
concentrations 1 10* and higher is reported to have an acceleratmg action on the 
anaerobic oxidation of glucose, haxose diphosphate, glycerophosphate and lactate 
(4), m contrast to inhibitory effects of correspondmg concentrations of sciUaren 
and cymann (126) and digitoxm and lanadigm (214) Succinate oxidation is 
stated to be mcreased by strophanthm (4) and to be unaffected by scillaren and 
cymarm (126) StiU other quahtative differences between vanous cardiac glyco- 
sides are claimed (149), and finally it is found that adomdme and convallamarm 
have no significant effect on the vanous dehydrogenases, even m concentrations up 
to 1 4 X 10* (183) Only the latter finding is m hne with later reports from other 
laboratones, nhich indicate that no effect is exerted by ouabam (253) and digi- 
tOMgemn (259) on glucose dehydrogenase, and by bufagm (57) on succmic 
dehydrogenase On the other hand, it is reported (230) that the anaerobic re- 
duction of m-dimtrobenzene by minced cardiac muscle of rabbits is accelerated 
by prev lous digitahzation of the animals 

The cytochrome oxidase system appears to be unaffected even by high con- 
centrations of ouabam (253), digitoxigenm (259), and bufagm (57) Neither does 
the presence of a cardiac glycoside hav e anj"- influence on the activity of a com- 
plete hydrogen and electron transfer system assembled from substrate and its 
dehydrogenase, 0x3 gen and C3rtochrome oxidase, and the mtervemng earners 
(253) Inhibition of such a system by a narcotic m a concentration correspondmg 
to that produemg sev ere failure of the isolated heart is not rev ersed by cardiac 
glycosides even m 1000 times the concentration m which they reheve this t3'pe of 
heart failure (251) These findings agam illustrate, as did the experiments with 
unpunfied enz3me 53 stems m homogenates, that the cardiac gl3’'cosides hav e no 
direct effect on respuator3’' enzymes 

Govner and collaborators (92) have reported that mmute amounts of digitoxm 
markedly stimulate the anaerobic lactic dehydrogenase system m homogenates 
of hearts of vitamm E deficient gumea pigs and have attnbuted this effect to a 
protection of DPN, the coenzyme of lactic dehydrogenase, from hydrol3"5is by its 
nucleosidase The same observation was made m anaerobic preparations of rat 
brain, a tissue high m nucleosidase actmt3’ Cunously enough, exactly the op- 
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features rather than on characteristics rvhich distinguish one molecule from the 
other (cf also 43) Of added mterest m this connection is that the same basic 
biochenucal change has been imphcated, not wholly without experimental sup- 
port, m both the action of the cardiac glycosides (189) and that of veratrme (88), 
namely, a displacement of calcium, presumably bound to phosphohpids, from 
the surface of the cell 

D Energy-Rich Phosphale Content and Tranefer 

Non-toxic doses of cardiac glycosides do not produce significant changes m the 
ATP and phosphocreatme content of the non-failmg heart, i\hether m the m- 
tact circulation (124, 259), the Starlmg heart-lung preparation (255), or the com- 
pletely isolated Langendorff preparation perfused with Rmger’s solution (244) 
Neither are noticeable changes produced by non-toxic doses m the heart-lung 
preparation durmg or followmg recovery from spontaneous failure or from failure 
mduced by anesthetics (259) 

In these types of experimental heart failure, the content of energy-nch phos- 
phates m the heart is normal or even somewhat elevated (p 323), and this fact 
itself has been taken as a basis for the generahzation (254) that the primary ac- 
tion of the cardiac glycosides on the heart must be concerned with the utihzation 
and not with the generation of phosphate bond energy This is also the view 
adopted by Alardones (159) after evaluation of the pertment digitalis hterature 
m the hght of Szent-Gyorgyi’s (228) theory of muscular contraction and on the 
basis of his own findmgs (160, 179) that digitalis glycosides restore the contrac- 
tdity of the isolated rabbit mtestme and of the isolated gumea pig heait de- 
pressed by phlorhism, an inhibitor of phosphorylation However, this antagomsm 
to phlorhizin is also open to exactly the opposite mterpretation, namely, that 
phosphorylation may somehow be reactivated by the cardiac glycosides, and 
hence is best omitted at present as an argument m the discussion 
The constancy of the ATP and phosphocreatme levels m the heart treated 
with a cardiac glycoside merely signifies that the equihbnum between the rates 
of their breakdown and synthesis is kept at the same level, but it does not tell 
anythmg about whether and how the rates of these reactions are changed Direct 
information on this question is difiScult to obtam However, the fact that ad- 
ministration of a cardiac glycoside to the spontaneously failmg heart m the heart- 
lung preparation is known to produce a rise both m oxygen consumption and 
work performance (185) is strongly mdicative of an mcreased ATP and phospho- 
creatme metabolism, and this may also be the case m the non-faihng heart 
As descnbed earher m this review (pp 315, 323) spontaneous failure of the mam- 
malian heart perfused with Locke solution is associated mth a dechne in oxygen 
consumption, phosphocreatme, and possibly ATP, restoration of normal contrac- 
tihty by a cardiac glycoside (strophanthm) is associated with a parallel mcrease 
in oxygen consumption Weicker (244) finds the phosphocreatme and ATP con- 
tent to be likewise restored to normal and the concentration of free adenyhc acid 
to be substantially raised from near zero levels to 50 per cent of the no rmal value 
A simultaneous mcrease m coronary flow points to the possibdity that the un- 
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poaite effect of digitoxin and other canhac glycosides on DPN-ase, namely, its 
activation, has been postulated to occur in brain shces (p 336) But m contrast to 
this and other effects of the cardiac glycosides on the metabolism of relatively 
mtact brain and heart tissue, the stimulation of lactate oxidation m the cell free 
tissue preparations is also obtamed with steroids devoid of cardiac activity, such 
as cholesterol, digitonin and certam sex hormones Nonetheless, Govier ei al (92) 
have suggested that the therapeutic action of digitoxm on the failing heart may 
be due to preservation of DPN This hypothesis no longer hna a foundation since 
the demonstration (224) that DPN-ase activity is not inhibited by digitoxin 
Another mterestmg action on lactic dehydrogenase activity occurs, according 
to Segre (218), m suspensions of erythrocytes and hemolysates of horse blood In 
these preparations, strophanthin m a concentration 1 5 X 10“ or higher is re- 
ported to accelerate the oxidation of added lactate and to restore the reaction to 
normal when inhibited by cyanide The latter effect is axplamed by attnbuting 
to the cardiac glycoside the property of bemg a hydrogen acceptor, replacmg 
molecular oxygen Strophanthm is beheved to function also as a hydrogen ear- 
ner, capable, m the same manner as ascorbic acid, of bemg alternately reduced 
and oxidized by virtue of a hypothetical reactivity of its unsaturated lactone 
nng In support of this hypothesis is adduced, m addition to the accelerant effect 
on lactate oxidation, the finding that aged and repeatedly washed red cells 
whose glycoljdic capacity is diminished, probably largely through destruction 
or loss of DPN, are enabled by strophanthm to glycolyze glucose at a rate ap- 
proachmg that of fresh, shghtly washed cells 
Significant as the actual observations may be, these far-reachmg inferences are 
out of proportion to the weight of the evidence presented, and neither are there 
other data m the hterature m support of this hne of thought True, ascorbic acid 
and certam other simple unsaturated lactones have an effect m the isolated frog 
heart resembhng that of the cardiac glycosides, but this effect results from the 
formation of peroxides (132, 163), the oxidizing action of which possibly inter- 
feres with the normal function of sulfhydryl enzymes (164) or perhaps of the 
Bulfhydryl groups of myosm (cf 140) No peroxides have been detected m perfu- 
sates of frog hearts treated with cardiac glycosides (130) This still leaves open 
the posaibihty that they might be formed at the site of action of the drug in the 
cell But speculative theories (81) of a mechanism of action of the cardiac glyco- 
sides based on the peroxide effect and other properties of unsaturated lactones 
must face an immediate objection against their unphcit assumption of a different 
mechanism for the cardiac glycoside-hke action of certam veratrum and erythro- 
phleum alkaloids, compounds structurally related to the cardiac glycosides, but 
lackmg the lactone rmg Yet these compounds share with the cardiac glycosides 
not only the positive motropic and the toxic action both on the frog and the 
P'pTnTnaImn heart (131, 155, 212) but also the characteristic effects on the metab- 
ohsm of heart and bram tissue in miTO (258, 259), and veratndme has been sho^ 
to have the same influence as the cardiac glycosides on cardiac energetics (167) 
It would seem that m attemptmg to correlate the chemical structure and cardiac 
activity of these drugs, the emphasis should be placed on common structural 
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tlie cardiac glycoside-poisoned heart-lung preparation has been interpreted as 
reflecting a lag of the oxidatne S 3 ’nthesis of ATP relatne to its breakdotvTi, 
which, howeNer, is at once compensated for by phosphate transfer from phospho- 
creatme Impairment of the synthesis as well as acceleration of the breakdown 
of ATP have been proposed as possible causes for the decrease m phosphocrea- 
tme (255) Impairment of the sjuithesis of energy-nch phosphate could result 
from interference with either oxidation or oxidativ e phosphorylation The mdi- 
cations are that m the heart neither of these two processes is mterfered with by 
the cardiac glycosides The oxygen consumption is, on the contrarj’’, sharply 
elevated (97, 168, 199) and oxidative phosphorylation in respinng heart muscle 
homogenates has been foimd, as m bram (258) and kidnej' (56), to be unaffected 
e\ en by high concentrations of cardiac glycosides (259) 

There remains the second alternative, namely, that the loss of phosphocrea- 
tine m the heart poisoned by a cardiac glycoside is a consequence of an mcrease 
m the rate of breakdown of ATP As was pomted out above, an accelerated break- 
down of ATP m all hkehhood also accompanies the positive inotropic action of 
these drugs on the heart Howeier, as long as there are no e.xtrasj'stoles and 
tachjcardia, this is not brought to hght by chemical analysis because of complete 
resynthesis of ATP and phosphocreatine dunng the diastolic pause Prolongation 
of diastole, which is usually seen following the administration of therapeutic 
doses of cardiac glycosides, would thus compensate for the mtensification of 
breakdown processes m systole Some authors (240) ha^ e e\en gone so far as to 
declare the lengthened diastole to be the basis of the positn e motropic action of 
the cardiac glycosides At any rate, it appears that what at first sight seems to be a 
purelytoxic effect of the cardiac glycosidesontheheart, namely, depletion of phos- 
phoereatme, is probably a manifestation of a change associated also with the 
therapeutic action. Wood and Ziloe (261) have emphasized that the escape of mtra- 
cellular potassium, which they (260) and others (25, 104, 220, 239) ^ve noted 
m hearts poisoned with cardiac glycosides and which most likely is connected to 
some extent with the metabohsm of the orgamc phosphates m the cell, ishkewnse 
a phenomenon characteristic of the therapeutic effect as well That the potas- 
sium content of the heart exposed to therapeutic doses of cardiac glycosides maj’' 
be undimimshed (25, 239) or even mcreased (19, 104) might be due, like the con- 
stancy of the ATP and phosphocreatme levels under the same or similar condi- 
tions, to mtensiflcation of restorative processes, m this instance to an mcrease m 
the rate of reabsorption of the ion 

The possibihty that the cardiac glj'cosides might accelerate the dephosphoryl- 
ation of ATP through a stimulant action on ATP-ase hns been explored by 
Guerra and collaborators (102) Their data show, notmthstandmg the contrary 
claim of these authors, that ouabam in concentrations of 1 10* to 1 5 X 10* has 
no significant eftect on the activity of mv osm-ATP-ase preparations from cardiac 
muscle It IS not inconcemablf*, however, that the activity of this calcium-acti- 
V ated enzvme might be stimulated by the drug m the mtact cardiac muscle, per- 
haps through mobilization of talcium According to lumura and Du Bois (125) 
digitovin in a, concentration 4 7 X 10”' ^I and ouabam m higher concentrations 
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provement of the metabolism may be a secondary effect of an improved oxygen 
supply, which in this heart preparation is at a critical level e\ en under favorable 
conditions The observation was made in this study that administration of stro- 
phanthm in heart failure due to lack of ovygen sometimes produces a temporary 
increase in anaerobic work performance which is accompanied by a nse of tbe 
phosphocreatme content to the normal lei^el, while the ATP content remains 
low This findmg suggests that anaerobic sjmthesis of phosphocreatme may be 
stimulated by strophanthm If credence is given to Abdon and Nielsen's (1) 
claim that strophanthm inhibits the enzymatic hydrolysis of phosphocreatme, 
Weicker’s findmg could be interpreted m the sense that the drug prevents un 
economical dissipation of energy-rich phosphate which, under conditions of fail- 
ure, might be pronounced Weicker, however, contents hunself with regarding 
the anaerobic as weU as the aerobic action of strophanthm on the phosphocre- 
atme metabohsm of the heart as secondary to unknown physicochemical changes 
favonng anabolic activity 

Ide's (116) report that ouabam restores to normal the depleted phosphocrea 
tine content of the hy^jodynamic heart cannot be evaluated since no information 
18 given as to the ongm of failure and the experimental procedures 

The fin di n g of Hemnan and Decherd and collaborators (52, 114) that digi* 
tahzation of rabbits with experimental cardiac hypertrophy leads to agnificant 
increases m the creatme content of the mjured hearts is of mterest, but whether 
this mdicates, as the authors imply (113), a correspondmg mcrease m pfaospho- 
creatme must be questioned for reasons given on p 324 

The ATP and phosphocreatme content of the frog’s heart is not significantly 
changed by poisoning the animal with cardiac glycosides (31), but the toxic ac- 
tion of the drugs on the mammahan heart is characterized, particularly m its 
advanced stages, by a depletion of the energy-nch phosphate store In the iso- 
lated cat heart perfused with Rmger’s solution, contracture-producing doses of 
strophanthm cause a 60 per cent loss of phosphocreatme and an even greater re- 
duction of ATP (244) Such disappearance of energy-nch phosphate m muscle is 
a charactenstic feature of sdl kmds of contractures and ngor (166, 228) In the 
heart-lung preparation of the dog poisoned with ouabam or digoxm, a progres- 
sive decrease of phosphocreatme sets in with the appearance of extrasystoles and 
ventricular tachycardia, and at the onset of ventncular fibrillation 75 per cent of 
the amount originally present has disappeared (255) A similar depletion is seen 
m the mtact animal (259) The loss of phosphocreatme is not a consequence of 
tachycardia per se, since the same mcrease m heart rate produced by electrical 
stimulation or by epmephrme is ineffective, it represents, therefore, a specific 
effect of the cardiac glycosides The ATP content of the poisoned dog heart, 
whether tn sUu or m the heart-lung preparation, is not significantly altered by 
poisoning with cardiac glycosides It is not possible to say whether this has any 
beanng on the fact that, m contrast to the ATP-depleted Langendorff prepara- 
tion, the heart under these conditions rarely goes mto contracture 

In conformity with the view that phosphocreatme functions as an energy 
reservoir for the adenyhc system (150), the observed loss of phosphocreatme m 
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the cardiac glycoside-poiSoned heart-lung preparation has been interpreted as 
reflecting a lag of the ONidatne synthesis of ATP relatne to its breakdoma, 
which, hon e\ er, is at once compensated for by phosphate transfer from phospho- 
creatme Impairment of the synthesis as nell as acceleration of the breakdown 
of ATP have been proposed as possible causes for the decrease in phosphocrea- 
tine (255) Impairment of the synthesis of energy-nch phosphate could result 
from interference vntii either oxidation or ONidatixe phosphorylation The indi- 
cations are that m the heart neither of these two processes is mterfered with by 
the cardiac glycosides The oxygen consumption is, on the contrarj’’, sharply 
elevated (97, 168, 199) and oxidative phosphorylation in respinng heart muscle 
homogenates has been found, as m bram (258) and kidney (56), to be unafifected 
even by high concentrations of cardiac glycosides (259) 

There remains the second alternative, namely, that the loss of phosphocrea- 
tine m the heart poisoned by a cardiac glycoside is a consequence of an mcrease 
m the rate of breakdown of ATP As nas pomted out above, an accelerated break- 
down of ATP m aU likelihood also accompames the positive motropic action of 
these drugs on the heart However, as long as there are no extrasystoles and 
tachycardia, this is not brought to light by chemical analysis because of complete 
resynthesis of ATP and phosphocreatme durmg the diastobc pause Prolongation 
of diastole, which is usually seen following the administration of therapeutic 
doses of cardiac glycosides, nould thus compensate for the mtensification of 
breakdown processes m sj'stole Some authors (240) have ei en gone so far as to 
declare the lengthened diastole to be the basis of the positive motropic action of 
the cardiac glycosides At any rate, it appears that what at first sight seems to be a 
purely toxic effect of the cardiac glycosides on the heart, namely, depletion of phos- 
phocreatme, IS probably a manifestation of a change associated also with the 
therapeutic action. Wood and Moe (261) have emphasized that the escape of mtra- 
cellular potassium, which they (260) and others (25, 104, 220, 239) ha\ e noted 
in hearts poisoned with cardiac glycosides and which most hkely is connected to 
some extent with the metabohsm of the orgamc phosphates m the cell, is likewise 
a phenomenon characteristic of the therapeutic effect as well That the potas- 
sium content of the heart exposed to therapeutic doses of cardiac glycosides may 
be undiminished (25, 239) or even mcreased (19, 104) might be due, hke the con- 
stancy of the ATP and phosphocreatme levels under the same or similar condi- 
tions, to mtensification of restoratu e processes, m this instance to an mcrease m 
the rate of reabsorption of the ion 

The possibihty that the cardiac gly cosides might accelerate the dephosphoryl- 
ation of ATP through a stimulant action on ATP-ase has been e.xplored by 
Guerra and collaborators (102) Their data show, notmthstandmg the contrary 
claim of these authors, that ouabam m concentrations of 1 10‘ to 1 5 X 10^ has 
no significant effect on the activity of my osm- ATP-ase preparations from cardiac 
muscle It IS not mconceivabl'*, howeier, that the activity of this calcium-acti- 
vated enzyme might be stimulated by the drug in the intact cardiac muscle, per- 
haps through mobilization of calcium According to Ivimura and Du Bois (125) 
digitoxin in j concentration 4 7 X 10~' and ouabam lu higher concentrations 
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Few drugs have enjoyed an uninterrupted populanty comparable to that of 
the salicylates Introduced as plant extracts centuries ago, the salicylates acre 
among the first drugs to be synthesized and their use has mcreased enormously 
with time, the present annual production being approximately 6000 tons in the 
I'nited States alone (206) Although many salicylates have been mtroduced into 
therapy, those most mdely employed are acetyl-salicylic acid, sodium salicylate 
and methyl salicylate It is fortunate for the present reviewer that a summary 
of the earlier studies on salicylates nas published m 1927 by Hanzlik (126, 127) 
and more recently a complete bibliography with more than 4000 references was 
compiled by Gross and Greenberg (1 13) Accordmgly, this review wiD omit most 
observations of pnmanly histoncal mterest, as well as many studies that seem 
at this time to be of minor importance, and will concentrate on selected features 
of the pharmacology of the three most widely used salicylates 

Terminology The word “salicylate" is generally employed as a genenc term 
for the entire class of compounds contammg the sahcyl radical C(Hi(OH) 
CO 0 — , and will be used for this purpose, m application to the free acid, its 
salts, ethers and esters The amon C*H«(OH) CO 0 — will be called salicylate 
ion, and its salts ivill be designated as sahcyhc salts Occasionally the term 
“aspinn” is used instead of acetylsahcyhc acid The term sahcyl is sometimes 
employed to designate the sahcylic acid radical 

Methods of Determination Early methods for determinmg concentrations of 
sahcylate m biological fluids usually mvolved prehmmary procedures for con- 
centrating the drug, such as distillation (262) and sometimes bromination of the 
compound (40), but these require relatively large samples At present, methods 
determinmg the compounds without precedmg separation are preferred The 
color which develops when a dilute solution of sahcylate reacts with feme ion 
(43, 98, 175, 262, 272) is still the basis for the most common method employed 
Recently a very sensitive fluorophotometnc procedure (238) has been desenbed 

PHYSIOLOaiCAL DISPOSITION 

Absorption The free acid, salts and esters are readily absorbed after cutane- 
ous apphcation (200) Methyl sahcylate, which is frequently applied to the skm 
by rubbmg, is so rapidly absorbed that measurable concentrations may be de- 
tected m the urme withm 15 mmutes (26), absorption is mcreased by dissolvmg 
the ester m alcohol, m hquid petrolatum or m anhydrous lanohn (44). Normal 

• Onginal investigations and other work incidental to the preparation of this review 
were supported in part by a grant-in-aid of research from the Institute for the Study of 
Analgesic and Sedative Drugs 
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human subjects, to ubom 0 2 gm is appJiecI locally, excrete about one fourth of 
the methyl sahcylate in the urme (26) The absorption of vanous salicjhc acid 
esters is rapid but the rate decreases as the length of the carbon chain of the 
ester increases (45) Salts of salicyhc acid mth orgamc bases may be absorbed 
three to five times as rapidly as sodium sahcylate, when apphed to the human 
skm (123) 

Absorption of sodium sahcylate from the oral cavity is relatively slow No 
measurable concentrations appear m the urme of rabbits for 25 to 56 nunutes 
alter the drug is mtroduced m the mouth (31) In dogs with ligated pylorus, 
sahcylates are fanly rapidly absorbed from the stomach, approximately two 
thirds of the dose are absorbed withm one hour after an aspmn solution of pH 
2 5 IS admimstered, and somewhat less when sodium sahcylate solution of pH 
6 8 (41) is given The absorption of both salicylic and acetylsahcyhc acid from the 
stomach is slower when the solution is near neutrahty than when the pH is low 
In comparable experiments, acetylsahcyhc acid solution of pH 2 9 is absorbed 
to the extent of 49 per cent in one hour whereas a sahcyhc acid solution of pH 
2 5 IS absorbed to the extent of 64 per cent m one hour When sahcylates are 
given orally to human subjects, the rate of absorption depends to an appreciable 
extent upon the emptymg-time of the stomach Effervescent mixtures containmg 
sahcylate decrease the emptymg time of the stomach (177), owmg partly to the 
weak alkahmty of the solution and partly to the carbon dioxide produced When 
sahcyhc acid is perfused through loops of the upper ileum m dogs, approximately 
two thirds of the amount perfused are absorbed m 30 nunutes regardless of 
whether the solution is mtroduced at pH 2 5 or at pH 6 8 (41) When acetyl- 
sahcyhc acid IS mtroduced the absorption is approximately 50 per cent complete 
m 30 nunutes Absorption is slower m the stomach at high than at lov pH 
values but the difference is less when the solutions are mtroduced mto the mtes- 
tme Sodium sahcylate, calcium sahcylate and free sahcyhc acid are absorbed 
from the mtestme of dogs more rapidly than acetylsahcyhc acid (41) However, 
even m the case of acetylsahcyhc acid, approximately two thirds of the dose are 
absorbed m one hour When the absorption technic of Con was employed m rats, 
it was found that sodium bicarbonate does not influence the rate of absorption 
from the gut (275) In studies on dogs designed to eliminate the effect of gastric 
emptymg time and possible effects of anesthesia, solutions of sahcyhc acid made 
isotomc with sodium chlonde and buffered to \ anous pH values from 2 5 to 7 8 
were passed through Thiry-Vella jejunal loops in dogs (171) The absorption 
rate was greatest at approximately pH 5 5 to 5 8 and approximateb' half as 
great at pH 7 8 

In contrast to the rapid absorption from the upper gastrointestinal tract, sa- 
hcylates are rather slovly absorbed when given rectally, although measurable 
concentrations may be detected m the urme 16 minutes after administration 
(136) Some mvestigators have found that rectal administration of sahcylate is 
feasible m patients (136) Others, usmg rabbits, have even concluded that ab- 
sorption 13 more rapid from the large intestine than from the upper gastromtes- 
tmal tract, for example, one hour after the oral admmistration of 0 25 gram of 
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salicylate, 6 0 mgm per cent is found m the blood, compared to 8 5 mgm per 
cent after the rectal administration of the same dose (33) In general, however, 
those who have used rectal administration find low plasma levels, or at least 
that a given blood level is reached more slowly (143) Sodium bicarbonate 
diminishes the rate of absoiphon of sahcylate from the rectum of man. (212). 

When sodium sahcylate is given subcutaneously to rabbits the m a i o mum 
concentration m the blood is attamed between 30 and 60 mmutes after adnums- 
trataon; more than 40 per cent is excreted m six hours (30) After mtramuscular 
administration of sodium sahcylate to rabbits appreciable amounts are found 
m the unne after 30 minutes (32) 

In rabbits, measurable concentrations of sahcylate appear m the urme 40 
mmutes after mtrapleural and 26 mmutes after mtrapentoneal administration, 
maxiTmim urinary levels are obtamed appraximately 30 mmutes after mtrapen- 
toneal and approximately 60 minutes after mtrapleural administration (34) 
Intratracheal injection results m rapid absorption, the drug appeanng m the 
urme two to 12 mmutes after administration (30) A 2 5 per cent solution of so- 
dium sahcylate is not absorbed from the bladder of normal rabbits but is readily 
absorbed m animals m which the bladder mucosa is infiamed, the rapidity of 
absoiption dependmg upon the degree of inflammation (33) 

The evidence mdicates that the sahcyktes are among the most rapidly ab- 
sorbed drugs, regardless of the route of administration Although the rate of 
absorption depends somewhat upon the pH, it is nevertheless rapid at all hydro- 
gen ion concentrations withm the physiological range 

Plasma Leiels The plasma levels of sahcylate are a more precise measure of 
the amount of drug m the body than are whole blood levels, smce the concen- 
trations m the eiythrocytes and plasma are not the same (168, 246) After a 
smgle oral dose of two grams of sodium sahcylate m normal young men, the 
average peak sahcylate level m the plasma is approximately 15 mgm per cent 
and 13 reached m 100 to 120 mmutes (246) Apparently acetylsahcyhc acid is 
somewhat more slowly absorbed than sodium sahcylate, two gram oral doses 
m normal young adults give peak levels of approximately 10 to 12 mgm per 
cent after two to four hours (246) The levels attamed are approximately pro- 
portional to the dose Doses of 100 mgm of sodium sahcylate per kgm give 
approximately 24 mgm per cent peak concentration m the plasma (212), 150 
mgm per kgm gi\e 28 mgm per cent, and 200 mgm per kgm give 40 mgm 
per cent 

Distribution in the Body A large part of the sahcylate m the blood is bound 
to plasma proteins. As long ago as 1923 it was demonstrated that plasma sahcy- 
late 13 not completely diffusible through a semi-permeable membrane (54), and 
it was concluded from studies on the renal clearance of sahcylate that most of 
it IS boimd to serum proteins (55) In in vitro studies, as much as 50 per cent of 
sodium sahcylate was found to be bound by serum protems at sahcylate concen- 
trations of 200 mgm per cent (102) Most of the sahcylate m the sera of rheu- 
matic fever patients is associated with nou-diffusible solids of the plasma (246), 
and at levels of 200 mgm per cent only about 30 mgm per cent is diffusible, at 
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levels of 400 mgm per cent, only 126 mgm per cent is diffusible, at levels of 600 
mgm per cent, about 260 mgm per cent is dififusible Exactly equal amounts 
of protem-bound salicylate were found m the plasma of patients who had been 
receiving the drug, and in normal plasma to which comparable amounts of the 
drug were added It has been suggested that some sahcylate is boimd to choles- 
terol (258) 

The salicylate content is usually greater in the serum than m the whole blood 
of ammals that have been given sodium sahcylate When either single or re- 
peated doses of sahcylate are admimstered orally to rats the concentration of 
salicylate is usually slightly higher in the serum than m the whole blood (246), 
but when the concentrations are estimated on the basis of water content, the 
amount m whole blood is usually shghtly higher than that m the serum, which 
would indicate a shght accumulation of the drug in the erythrocytes The con- 
centration of sahcylates m the erythroc 3 des of normal subjects (168) and of 
rheumatic fever patients dunng treatment (246) is qmte low and of the same 
order of magnitude as would be expected if the concentration in the red cells 
were sirmlar to that found in the plasma ultrafiltrate This suggests that the 
human red cell membrane is freely permeable to the ultrafiltrable portion of the 
plasma salicylate and that the drug is not bound by the proteins of the eryth- 
rocytes 

Early studies (242) demonstrate that the concentrations of salicylate in blood 
and jomt fluid are similar, but the concentration of sahcylate m parotid sahva 
IS approximately 0 3 to 0 6 as high as m the serum (169), which suggests that m 
secretoiy glands protem binding may influence concentration gradients 

Apparently sahcylates cross the placental bamer fairly readily When preg- 
nant rabbits are given large doses of sodium sahcylate the concentration of 
sahcylate m the fetal serum is approximately two thirds that m the maternal 
serum (147) 

The sahcylates are distnbuted through a volume of body water which appears 
much greater than that of the extracellular fluid Studies on rats showed that the 
concentrations in the hver, kidney, and lung are similar to those in the serum 
(246) When the salicylate concentrations are calculated on the basis of water 
content, the liver contains about two thirds as much ns serum, muscle approxi- 
mately one fifth as much, the kidneys a smular amount, bram one third to one 
half as much and lungs contam one half to two thirds ns much In the case of a 
suicide committed with acetylsalicyhc acid, the concentration of sahcylate m 
the kidneys was approximately twice that m the hver, that m the spleen and 
muscle was somewhat smaller, and that in the bram only about half that m the 
hver (124) The bmdmg of sahcylates by proteins other than those of the plasma 
has not been especially studied, but the above results suggest that they are 
bound by proteins of most tissues 

The Degradaium and Conjugation of Sahcylates It has been known for a long 
tune that a fraction of the admmistered sahcyhc acid combmes with glycme to 
form sahcylunc acid, a substance analogous to hippunc acid (9, 10) Ihe conju- 
gation product has no therapeutic effect m rheumatic fever patients (253) and 
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IS excreted unchanged after sdmhustrafaon to rabbits In earher studies in the 
dog (221) It was found ortho-hydroxyi substituted derivatives of benzoic acid 
were conjugated with glycine to a smaller extent than the isomenc meta- and 
para-hydroxyl derivatives, later, the same investigator (223) reported the iso- 
lation of sahcylunc acid from the unne of men receiving sahcyhc acid This sug- 
gests that dogs metabohze the drug m a manner different from man, and later 
observations (246) suggest also that smaller amounts of sahcylunc acid are 
fonned m the dog Rabbits apparently are unable to form sahcyluric acid when 
sahcylate is administered (42, 69) Despite the failure of some mvestigatora 
(125), sahcylunc acid can be recovered from the urme of persons who have been 
given sahcylates (9, 10, 11, 12, 138) Holmes found that approximately 60 per 
cent of the sahcylate is excreted in man as sahcylunc acid (138) 

The thorough studies of Kapp (153) and Kapp and Cobum (154), who found 
that children excrete 55 to 60 per cent of sahcylate as sahcylunc acid, leave no 
doubt that this conjugation product is an important metabolite Studies on rheu- 
matic fever patients (246) demonstrate that, whereas an appreciable amount of 
sahcylunc acid is excreted m the unne, the amoimt therem may be no more than 
one third of the total amount axcre^ed This is m accord with the observations 
(153, 176) that rheumatic fever patients apparently metabohze appreciable 
amounts of sahcyhc acid m a different maimer 

It has been known for a long time that when sahcylates are administered to 
human patients the non-glucose reducmg substances of the urme are mcreased 
(163) Others measured this mcrease m reducmg substances and ascnbed it to 
glucuromc acid (101) The glucuromc acid appearmg m the unne after oral 
acetylsahcyhc acid has been measured quantitatively (193) Some sahcylate is 
excreted with one mole of glucuromc acid and some with two moles (101) In 
dogs, sahcylate is boimd to twice its molecular eqmvalent of glucuromc acid 
(222) In rabbits, small amounts of both ester glucuromde and ether glucuromde 
are excreted (42) There is evidence (153) that two different glucuronates appear 
m human unne, although they have not been isolated m pure form The amount 
of sahcylate excreted as glucuronate m about 20 to 25 per cent of the total m 
nonfebnle rheumatic fever patients (246), but the percentage may be smaller 
m febrile patients (153), partly because a greater amount is metabohzed by 
oxidation 

There is at least one other well-estabhshed metabohte of salicylate It is 
gentisic acid or 2,5-dihydroxybenzoic acid (6, 9) This substance can be identi- 
fied by its transient blue color reaction with iron salts m dilute solution It has 
been isolated from the urme of rats after the administration of sodium sahcylate, 
acetylsahcyhc acid and methyl sahcylate (1S3) It fails to be fonned m nmmnlH 
whose hvers have been damaged by the administration of phosphorus or carbon 
tetrachlonde (183) Normally from four to eight per cent of the sahcylate ad- 
ministered IS converted to gentisic acid and related compounds m non-febnle 
patients, but appreciably more is converted m rheumatic fever patients (153) 

Baldom’s isolation (9) of a compound of the general formula CisHuNOj, and 
named “acidoduraminsahcihco”, has been venfied by Kapp (153) It is closely 
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related to geiitisic acid and may be a combination of gentimc acid and salicyluno 
acid, havmg the formula HO Ci^ CO NCCHjCOOH) C«H 2 (OH)a COOH 

In studies designed to detenmne the possible precursors of viramm C, Lon- 
genecker et al (178) administered acetylsalicyhc acid to rats but were unable 
to find any marked mcrease m vitamin C excretion and concluded that the sahcy- 
late 18 probably not utilized for ascorbic acid formation 

When methyl sahcylate is admimstered to patients, some of it is probably ab- 
sorbed imchanged Normal subjects ehmmate 45 to 57 per cent of it as sahcyl, 
but rheumatic fever patients excrete a more vanable percentage (130) In dogs 
and cats the unne contains much less salicyl after the administration of methyl 
salicylate than after the admimstration of sodium sahcylate (133) The metabo- 
hsm of methyl sahcylate has not been studied as thoroughly as that of sabcyhc 
acid, but its excretion may extend over a longer penod than that of sodium 
sahcylate (128) 

The metabohsm of acetylsahcyhc acid differs somewhat from that of sodium 
sahcylate Some of it appears to be absorbed unchanged, smce unhydrolyzed 
acetylsalicyhc acid has been found m the plasma of human subjects two hours 
after they received the drug (168) When isolated mtestmal loops of dogs are 
perfused mth acetylsalicyhc acid solution, the outflowing solution contams no 
more free sahcylate than the solution mtroduced, which suggests that the ester 
IS not hydrolyzed m the mtestmal lumen but only durmg or after absorption 
(171) Hanzhk and Presho (129) found unchanged acetylsalicyhc acid m the 
urme of patients given the drug but their analyses depended upon the difference 
in intensity of the color reaction with iron before and after hydrolysis of the 
unne It is known from later work (153, 246) that the glucuronates are hydro- 
lyzed by the preparatory procedures they employed Therefore, their conclusion 
that 25 per cent of the sahcylate was unchanged acetylsalicyhc acid is probably 
erroneous The metabohtes are almost equal in amount after administration to 
human subjects of equal molar amounts of sodium salicylate and of acetylsah- 
cyhc acid (246) Normal human plasma hydrolyzed acetylsalicyhc acid fairly 
readily, a dilute solution bemg almost completely hydrolyzed withm three hours 
(247) The drug is rapidly hydrolyzed to sahcylic acid, when administered mtra- 
venously to dogs (246), and the tissues of several species of animals are capable 
of hydrolyzmg it readily (247, 265) The liver and kidney of gumea pigs and rats 
are nchest m the hydrolyzmg enzyme, each of these tissues containmg at least 
five times as much per gram as the plasma (247, 265) , gmnea pig bram contains 
less and muscle none (265) The crude enzyme is a very water-soluble substance 
not precipitable even by saturated sodium sulfate solution It has its maximum 
actmty at pH 6 0 to 6 5, is readily destroyed by heat, does not hydrolyze aceta- 
mide hnkages such as m acetyl-para-aminobenzoic acid or acetanihd, but rapidly 
hydrolyzes ethyl butyrate (247) By concentrates of a crude enzyme prepared 
by procedures described for liver esterase, both ethyl butyrate and acetylsali- 
cylic acid are hydrolyzed at rates proportional to those observed with the crude 
tissue extract This mdicates that the enzyme is sumlar to liver esterase (8, 90) 

After administration of either sodium sahcylate or acelvlsalicyhc acid, the 
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Eerum contains sahcylste ion, and after administration of acetylsabcyhc acid it 
also contains a amalJ amount of the unchanged ester (168), but no other metabo- 
lite of the two drugs has ever been demonstrated m the serum The studies of 
Brodie e{ al (43) show that the plasma contains no sahcylunc acid 
Excretion Although a small part of admimstered salicylate may be excreted 
m other body fluids (156), most of it is excreted m the unne The quantity as 
well as the form m which sahcylates are excreted vanes with the complex of fac- 
tors which govern the formation of degradation and conjugation products m the 
tissues and the excretion of the absorbed substances and their metabohtes Of 
the total dose administered, about 80 per cent is excreted in normal human sub- 
jects in the form of compounds containing the sahoyl group, and about four to 
eight per cent is com erted to gentisic acid and related compounds (154, 246) 

It has been known for a long tune that patients tolerate sahcylates better 
when sodium bicarbonate is given simultaneously (264), sodium bicarbonate 
lessens the tendency to nausea and vomitmg This beneficial eSect of sodium 
bicarbonate has often been attnbuted to reduction of a local imtant effect m 
the gastromtestinal tract, but the ongm of the late nausea and vomitmg is 
largely central and many observations show that the mam effect of sodium bi- 
carbonate 13 an increased sahcylate excretion SmuU et al (248) were the first 
to pomt out that the administration of sodium bicarbonate defimtely lowers the 
serum sahcylate level during the therapy of patients with acute rheumatic fever 
They ascribe this reduction to one or more of the following factors mterference 
with absorption, mcreased extracellular fluid volume, and mcreased renal ex- 
cretion It was later demonstrated that the last factor is of primary importance 
When patients are given sodium bicarbonate in addition to their usual dose of 
sodium sahcylate, the plasma levels promptly fall by 33 per cent, and the amopnt 
of free sahcylate in the unne increases rapidly and almost in proportion to the 
dimmution of plasma level (246) Moreover, when patients with a fairly constant 
plasma level of about 45 mgm per cent receive the same dose of sahcylate with 
an equal amount of sodium bicarbonate, the average plasma level falls rapidly to 
20 mgm per cent (246) As soon as sodium bicarbonate is discontinued the 
plasma sahcylate concentration rises rapidly to the pnor level 

Sodium bicarbonate mcreases the urinary excretion of sahcylate m children 
so rapidly that the blood level four hours after its administration may be only 
half of that attamed without sodium bicarbonate (187) It has been suggested 
(53) that alkah should not be given with sahcylate except when it is desirable to 
reduce the plasma level In dogs, sodium bicarbonate decreases the serum lev el 
and increases the output m the unne (275) In both dogs and human subjects, 
the admimstration of either sodium bicarbonate or potassium citrate diminishes 
the plasma level by 10 to 25 per cent by mcreasmg the amount of free sahcylate 
in the unne (212) Ammomum chloride and para-ammobenzoic acid produce the 
opposite effect When the urinary pH is mcreased from 53 to 8 0, the free sah- 
cylate excreted increases from 10 per cent to about 60 per cent of the total ex- 
creted 

The renal clearance of sahcylate showed a close relationship to the unnaty 
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related to gentisic acid and may be a combination of gentisic acid and sabcylunc 
acid, havmg the formula HO CjEh CO N(CH2COOH) C(iHj{OH)i COOH 

In studies designed to determine the possible precursors of viramm C, Lon- 
genecker el al (178) admmistered acetylsahcyhc acid to rats but were unable 
to find any marked mcrease m vitamm C excretion and concluded that the salicy- 
late IS probably not utihzed for ascorbic acid formation 

When methyl sahcylate is administered to patients, some of it is probably ab- 
sorbed imchanged Normal subjects eliminate 45 to 57 per cent of it as sahcyl, 
but rheumatic fever patients excrete a more vanable percentage (130) In dogs 
and cats the urme contains much less salicyl after the administration of methyl 
salicylate than after the administration of sodium sahcylate (133) The metabo- 
hsm of methyl sahcylate has not been studied as thoroughly as that of sahcybc 
acid, but its excretion may axtend over a longer period than that of sodium 
sahcylate (128) 

The metabolism of acetylsahcyhc acid differs somewhat from that of sodium 
salicylate Some of it appears to be absorbed unchanged, smce unhydrolyzed 
acetylsahcyhc acid has been found m the plasma of human subjects two hours 
after they received the drug (168) When isolated mtestmal loops of dogs are 
perfused with acetylsahcyhc acid solution, the outflowmg solution contains no 
moie free salicylate than the solution introduced, nhich suggests that the ester 
IS not hydrolyzed in the mtestmal lumen but only dunng or after absorption 
(171) Hanzlik and Presho (129) found unchanged acetylsalicyhc acid m the 
urme of patients given the drug but their analyses depended upon the difference 
in mtensity of the color reaction ivith iron before and after hydrolysis of the 
urme It is known from later work (153, 246) that the glucuronates are hydro- 
lyzed by the preparatory procedures they employed Therefore, their conclusion 
that 25 per cent of the salicylate was unchanged acetylsalicyhc acid is probably 
erroneous The metabohtes are almost equal m amoimt after administration to 
human subjects of equal molar amounts of sodium salicylate and of acetylsah- 
cyhc acid (246) Normal human plasma hydrolyzed acetylsalicyhc acid fairly 
readily, a dilute solution bemg almost completely hydrolyzed withm three hours 
(247) The drug is rapidly hydrolyzed to sahcyhc acid, when administered mtra- 
x'enously to dogs (246), and the tissues of several species of animals are capable 
of hydrolyzmg it readily (247, 265) The liver and kidney of gumea pigs and rats 
are nchest m the hydrolyzmg enzyme, each of these tissues containmg at least 
five times as much per gram as the plasma (247, 265), gmnea pig bram contains 
less and muscle none (265) The crude enzyme is a very water-soluble substance 
not precipitable even by saturated sodium sulfate solution It has its maximum 
activity at pH 6 0 to 6 5, is readily destroyed by heat, does not hydrolyze aceta- 
mide linkages such as m acetyl-para-ammobenzoic acid or acetanihd, but rapidly 
hydrolyzes ethyl butyrate (247) By concentrates of a crude enzyme prepared 
by procedures descnbed for hver esterase, both ethyl butyrate and acetylsali- 
c>hc acid are hydrolyzed at rates proportional to those observed with the crude 
tissue extract This indicates that the enzyme is similar to liver esterase (8, 90) 

After admmistration of either sodium sahcylate or acetylsalicyhc acid, the 
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PHABMACOLOGICU. ACTIONS 

Efftcis on the GastrotnUsliTial Traci Whether sahcylates severely imtate the 
mucous membranes of the entenc tract is controversial In some cases of poison- 
ing, the gastrointestinal tract shoned hemorrhage and ulceration (28), but in 
other cases of se\ere poisonmg gastromtestmal alterations were absent (82). 
Even in methyl salicylate poisomng the gastrointestinal symptoms may persist 
foi some time with no permanent damage to tlie mucosa (219) In dogs, it was 
possible to produce petechia) hemorrliages of the gastnc mucosa by mtravenous 
administration of sodium sahcylate, oral mgestion of acetylsahcylic acid or sub- 
cutaneous administration of methyl salicylate (76) The doses necessary are of 
the order of 300 mgm perkgm per day for three days or more Gastnc ulceration 
m rats can be produced b}’ the oral ingesbon of 300 mgm of acetylsahcyhc acid 
for 10 days (17) It can also be produced by subcutaneous administration Pa- 
tients receiving acetylsalicylic acid for some time gave no evidence of hyperemia 
or hemorrhage upon gastroscopic examination Chronic doses produced no gas- 
tnbs, the epigastnc distress observed was asenbed to mcreased acid produebon 
or to pylorospasm (215) 

In contrast to the observations on the irntant effects of salicylate on the gas- 
tromtestmal tract, it was shown tliat the administration of aspinn to rats in- 
hibits gastnc ulcerabon This occurred whether the drug was given mtrapen- 
toneally, mtravenously or subcutaneously Aspinn was slightly less effecbve 
than sodium sahcylate (214) Sodium salicylate in a concentration of 1 2500 
does not alter the response of rabbit duodenal or uterme muscle to autonomic 
drugs (261) 

Aspinn given m doses of 70 to 90 mgm per kgm daily for five days to Cope 
pouch dogs caused no increase m gastnc secretion but twice this dose was effec- 
bve (57) 

Effects on the Lwer Liver damage does not occur frequently even after large 
sahcylate doses However, m several cases of sahcylate poisonmg hepatic abnor- 
mahbes of vanous degrees have been desenbed (56, 82) A 26-j^ear old voman 
who took 29 grams of acetylsahcylic acid exhibited hepatic damage but no gas- 
bomtestinal symptoms (82) In a fatal case of acetylsahcyhc acid poisonmg (159) 
m a 54-year old man who probably took 5 0 to 6 6 grams of the drug, the au- 
topsy disclosed petechial hemorrhages m the liver In children, swellmg and 
fatty degeneration of the liver from methyl salicylate have repeatedly been 
desenbed (81, 86, 162) Similarly, fatty degeneration of the hver m rabbits has 
been produced expenmentally mth sodium sahcylate (186) Defimte hver dam- 
age occurs m rats given 400 mgm of sodium salicylate per kgm per day, but 
m dogs 300 mgm per kgm are not enough to produce significant bromsul- 
fonphthalem retention (IS) In vilro studies have demonstrated that high con- 
centrations of sahcylate are necessary to depress rat hver respiration (182) In 
rahbits receiving large doses of sodium salicylate (147) hver glycogen may be 
greatly diminis hed Sodium salicylate had no constant effect upon the nitrogen 
metabolism of dogs (241), and the excretion of bile salts was not affected (250). 
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pH The relationship is not linear, the clearance nses slowly with an increase in 
the urinary pH from 5 5 to 7 0 and rapidly with further increasing pH, at pH 7 7 
clearance is approximately 10 times (hat at pH 6 0 (246) 

Perhaps the rise in renal clearance with increase in unnaiy pH can be ex- 
plained by considering that the ratio of non-ionized to ionized salicylate in- 
creases with the hydrogen ion concentration The ionized form is highly water- 
soluble and relatively insoluble in lipids, the reverse is true for the undissociated 
acid (G5) If the renal tubules are more permeable to the hpid-soluble form, then 
reabsorption of salicylate would be more complete at a low urinary pH Con- 
versely, at a high pH, the preponderance of the lipid-soluble form would result 
m high clearance values If this hypothesis is true then the change in clearance 
with pH should be independent of the nature of the alkalmizing agent and should 
also be observed in the excretion of other weak acids Additional evidence comes 
from the studies on the excretion of mcotine (121) and of quinacnne in man 
(150) In both cases these basic substances are excreted much less rapidly 
when the unne is alkaline, that is, the excretion rate vanes with urinary pH m a 
manner opposite to that of salicylate Similar conditions have been shown to 
govern the permeation of weak electrol3rte3 through the cornea (65) In these 
studies it was shown that permeability is a function of pK fiegardJess of whether 
the active pnnciple is a weak acid such as sahcyhc acid, or a weak base such as 
atropine, penetration of the salt is slower than that of the free hpid-soluble 
pnnciple 

Oral administration of para-aminobenzoic acid has been shown to cause an 
increase in the plasma level of salicylates (78) This has been amply confirmed 
by mvestigators who found that the salicylate levels can be increased two to five 
times by the administration of two to 24 grams of para-ammobenzoic acid per 
day (23, 203) In a preliminary report (78) it was not clear whether the para- 
anunobenzoic acid was admmistered as the free acid or as the sodium salt, but 
from a later report (237) it is evident that, in man, m either case the plasma levels 
are higher The mvestigators suggested that para-aminobenzoic acid depresses 
the formation of sahcylunc acid, that the pH of the unne is lower and that both 
these factors decrease the amount excreted as free salicylate It was also shown 
that para-anunobenzoic atid depresses the formation of hippunc acid in man 
It has been demonstrated that para-ammohippunc acid is synthesized by the 
liver (66) This obsen ation coupled with the observation that para-ammoben- 
zoic acid interferes with the formation of sahcylunc acid suggests that the en- 
zyme system responsible for the conjugation of the two acids with glycme may 
be the same 

It seems probable that, in addition to the depression of sahcylunc acid forma- 
tion and the lowenng of the urmary pH, para-ammobenzoio acid depresses the 
excretion of salicylate by depleting the body of base Para-ammobenzoic acid 
when given as the free acid is rapidly conjugated to para-ammohippunc acid 
(245) which IS then excreted by the renal tubules (27), probably takmg prece- 
dence over the excretion of free sahcylate or salioylunc acid 



CERTAIN ASPECTS OF PHAHM.\COLOGT OF SALICYLATES 


363 


of normal men mgestmg four grams of aspinn a day for seven days showed no 
evidence of a prothrombm deficiency (79) 

In summanzmg the evidence Quick (224) expresses the opmionthat the sahcyl- 
ates resemble dicumarol m their action on prothrombm but are less potent 
Agreement exists that salicylates produce a moderate decrease m prothrombm 
but the doses required are usually large Even then the tendency to spontaneous 
hemorrhage is not marked 

Sodium gentisate, a metabohc product of sahcylate, when administered to 
patients m doses up to 10 grams per day, produces no significant increase in 
prothrombm tune (196) 

Effect on Sedimentation Rate In in vitro experiments the sedimentation rate, 
especially when high, is markedly reduced by sodium sahcylate (139) Sodium 
benzoate and sodium bicarbonate are ineffective In vivo sahcylates also de- 
crease the sedimentation rate (140) Plasma fibnnogen is reduced as much as 50 
per cent and the reduction is proportional to the total dose given and not to the 
plasma sahcylate level, the sedimentation rates parallel the fibnnogen concen- 
tration (226) Patients with rheumatic fever and with carcinoma show similar 
changes m sedimentation rate and plasma fibnnogen The alteration of the fibnn- 
ogen content of plasma by sahcylates (140) is attnbuted to a direct action both 
on the plasma and on hver function (226) If sahcylates are stopped as soon as 
the elevated sedimentation rate becomes normal a secondary rise may be observed 
later (170) Smce changes m sedimentation rate are beheved to be associated 
with the actinty of the rheumatic fever process, the effect of salicylates on the 
sedimentation rate cannot be differentiated clearly from the effects of sahcylates 
on the rheumatic process itself 

Effects on Unc Acid Excretion In tno normal men given 6 6 grams of sahcyl- 
ate per day, excretion of mtrogen, inorgamc phosphorus and unc acid was In- 
creased (74) It has been concluded that sahcylates loner the renal threshold for 
unc acid (73), when the urinary unc acid concentration nses, the blood level 
falls (95) Whereas sahcylates mcrease the unc acid in the unne of human sub- 
jects (232), the meta and para isomers ha\e no influence Recent studies (99) 
of the effects of sodium sahcylate upon the excretion of unc acid m the rat show 
that, at first, the urinary unc acid is mcreased without a change m the blood 
unc acid m the renal blood flow or m the glomerular filtration rate, but that with 
the administration of more sahcylate the blood level of unc acid falls The un- 
naty excretion of unc acid decreases after sahcylate administration is discon- 
tmued (233) It is concluded that sahcylates mterfere with the tubular reabsorp- 
tion of unc acid (99, 103) Earher studies m the Dalmatian coach hoimd (111) 
suggested that sahcylates mcrease unc acid excretion m the unne but decrease 
it after denervation of the kidneys This was attnbuted to alteration of tubular 
reabsorption More recently observatrons mdicate that sodium sahcylate has 
no effect on the clearance of unc acid m the Dalmatian dog (100) Gentisic acid 
m the unne will mterfere senously with the usual detenmnation of unc acid 
(284) 

Effect on Ascorbic Acid Excretion Hemorrhages of small vessels attnbuted to 
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Relation to Prothrombin Concentration Since prothrombin is formed primarily 
m the hver and since sahcylates can mduce hypoprothrombmemia, the question 
of the effect of salicylates on this function of the hver has engaged a great deal 
of attention It has been suggested (227) that the prolongation m prothrombin 
time sometimes observed after sahcylate reflects hver damage It has been postu- 
lated (151) that sahcylates are converted to dicumarol or some similar substance 
by bacterial action m the mtestinal tract, since oral administration of sodium 
salicylate to rabbits prolongs the prothrombin time but mtravenous administra- 
tion doesnot After oral administration of sodium sulfasuxidme to rabbits sahcyl- 
ates do not prolong the prothrombm time, a fact which suggests that bacteria 
are responsible for the conversion Hypoprothrombmemia can be produced in 
suckhng rats (93) by feedmg dicumarol or large doses of acetylsahcyho acid to 
the mothers The hypoprothrombmemia is less marked m the young if the mother 
has been given vitamm K (172) Some m\estigators have found that sodium 
sahcylate, acetylsalicyhc acid and methyl sahcylate all cause a decrease m the 
prothrombm in rats (58), but it is also produced by certam other drugs such as 
acetamhd and antipyrme Others found no appreciable change m prothrombm 
time and no dicumarol m the unne after the administration of salicylates to 
rats (167) The prothrombm levels may be 10 to 60 per cent below normal m 
acute rheumatic fever (211) at sahcylate levels of 35 mgm per cent, but these 
cases showed no hver damage and the prothrombm tune returned to normal 
despite contmued sahcylate therapy Of 24 patients receivmg salicylate for 15 
to 35 days, prothrombm tune was prolonged m six cases by the second to fifth 
day, but it was always normal by the nmth day (110) A fatal case of sodium 
sahcylate poisonmg exhibited a severe hypoprothrombmemia but insignificant 
hemorrhages (59) Children with rheumatic fever who are on sahcylate therapy 
may develop hypoprothrombmemia but no hemorrhage (92) Although the pro- 
thrombm level may return to normal spontaneously, vitamm K is effective m 
hastenmg the return It has been suggested that one mgm of vitamin K be given 
per gram of sahcylate (243) if hver function is adequate, but others beheve its 
use IS unwarranted (143) Much larger doses of vitamm K would be reqmred m 
case of hver damage 

In a rather large group of patients, sodium sahcylate produced a moderate 
but defimte decrease m the prothrombm level, unrelated to the dose, no hemor- 
rhagic tendency i\as observed (49) Others (67) correlate low prothrombm levels 
mth high plasma sahcylate levels but find only insignificant hypoprothrombine- 
min. at plasma sahcylate concentrations of 35 to 60 mgm per cent Patients re- 
ceivmg 1 3 to 5 3 grams of sodium sahcylate or aspirm a day consistently develop 
low prothrombin values and exhibit prolonged clottmg time (49) In rheumatic 
fever studies m military personnel (49) the prothrombm level was low m the 
early stages of treatment but it soon rose The usual dose m these studies was 
10 grams of acetylsalicyhc acid per day combmed with eight grams of sodium 
bicarbonate The prothrombm level after sahcylates varies m different species 
dependmg on the ease with which vitamm K deficiency can be produced (210) 
The electrophoretic patterns of the plasma of patients receivmg sahcylates and 
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Analgetic Action The most important therapeutic action of the salicylates is 
to reduce pam of moderate seventy, but it is difficult to obtam uneqmvocal evi- 
dence of this action either m animals or normal human subjects When a hght is 
focussed on the tail to produce a pam stimulus, no analgetic effect can be detected 
m rats even after doses rangmg from 0 5 to 2 5 gm per kgm (87) Similarly, the 
threshold to electncal stimulation m mice (160) is not altered by aspinn m doses 
up to 500 mgm per kgm In gumea pigs, acetylsahcyhc acid m juxta-lethal dos- 
age abolishes the skin tvvitch response to pam, but the dose required is 270 
mgm per kgm (278) Dogs given two grams of aspirm axhibit some analgesia 
when a twitch of the musculature of the back is taken as an mdicator of pam 
produced by a locally apphed stimulus, but the rise m threshold is smaller and 
of shorter duration than m man (4) 

The most common method used for producmg pam m human studies of anal- 
getic drugs is that of focussmg radiant energy from a bright hght source on a 
blackened area of the skm (134) The heat mtensity required to ehcit pam is used 
to measure analgesia In three teamed subjects 1 8 gram of aspirm was reported 
to raise the pam threshold by 35 per cent (134) The peak nse m threshold is 
proportional to the dose and the onset of acbon occurs ten to 15 mmutes after 
mgestion The effect persists for at least five hours with doses of 0 6 to 1 8 gram 
A maximum analgetic effect is mamtamed vnth doses of 0^ gram every two 
hours but not with 0 6 gram every three hours Smgle doses larger than 0 3 gram 
do not further mcrease the pam threshold but their effect lasts longer 

These studies have been cnticixed because of the paucity of subjects and be- 
cause placebos vere not employed (113), also elevation of the pam threshold 
probably is not an adequate measure of analgetic action (106) Moreover, the 
sharp twmge of pam produced by superficially apphed radiant heat is scarcely 
comparable to the deep, dull persistent type of pam for which the sahcylates are 
60 commonly employed Much of the nse m pam threshold attnbuted to sahcyl- 
ates has been asenbed to psychological factors such as suggestion (106) 

When pam is induced m human subjects (107) by an altematmg current ap- 
phed to metal filhngs m the teeth, aspirm does not elevate significantly the pam 
threshold (108, 213) When mtense pain of an aching character is produced by 
the aid of a sphygmomanometer cuff, the threshold for pam mduced by the alter- 
natmg current is raised (106, 107) , this nse does not occur if aspirm, 0 65 gram, 
IB administered 30 to 40 mmutes pnor to the test (108, 213) 

Nazisea and Vomdtng Since the work of Eggleston and Hatcher (85) m 1912 
evidence has been mcreasmg that the sahcylates produce emesis by central stimu- 
lation They found that the minimal emetic dose of sodium sahcylate m dogs is 
200 to 300 mgm per kgm when the drug is given mtravenously, but 750 mgm. 
per kgm when it is administered orally They obtained evidence of emetic effect 
even m eviscerated dogs In rheumatic fever patients m whom high plasma levels 
of sahcylate are mamtamed, nausea is common as a side effect (51, 52), but 
nausea la almost as frequent after mtravenous as after oral administration of the 
drug (267) and occurs even when the gastric contents contam no sahcylate (57, 
112) Nausea is said to occur at sahcylate plasma levels of about 37 mgm per 
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sabcylatea have been related to a deficiency of vitamin C (229) The scorbutic 
gumea pig with bactenal infection exhibits a pathological picture resembling 
that of rheumatic fever In earlier studies it was found that administration of 
acetylsalicyhc acid (71) or of sodium sahcylate (156) moreased the excretion of 
substances reactmg with the mdophenol reagent used for the detection of vita- 
mm C Later it turned out that the reagent reacts with many other reducmg sub- 
stances and, thus, mav react with some other component in the unne, formed as 
a result of the admimstration of salicylate By the use of more specific analytical 
methods, it was found that dady administration of acetylsahcyhc acid to normal 
human subjects in doses vaiymg from 0 6 to 2 6 grams did not affect the excre- 
tion of ascorbic acid m the unne (266, 282) 

Effects on the Ceniral Nervous System Cases of sahcylate mtoxication often 
exhibit evidence of central nervous system disturbances such as dehnum (1 
189), and occasionally a psychosis may develop (38) In rheumatic fever patients 
I'eceivmg large doses of salicylates, evidence of mental confusion and dizzmess is 
fauly common (68), and children receivmg large doses often exhibit confusion 
and imtability Occasionally delmum occurs m rheumatic fever patients after 
the admmistration of sodium salicylate (68), but possibly only after mtravenous 
and not after oral admmistration (189) Cerebral imtability, dullness, stupor 
and coma may slowly develop after the admmistration of methyl sahcylate (219) 
Evidence of alterations m the bram has been found after poisonmg with sodium 
salicylate (7) An infant dyong from methyl salicylate poisonmg exhibited marked 
hyperemia of the bram and merunges (142) 

Ardifyrelic Action One of the most characteristic actions of sahcylate is the 
fall m body temperature which it produces m ammals with fever This is stnk- 
mg m patients with rheumatic fever (13, 14, 61) In monkeys with fever pro- 
duced by the subcutaneous administration of yeast, aspirm reduces the temper- 
ature, prmcipally by causing mcreased sweatmg and vasodilatation (117), m 
contrast, the drug causes only a shght decrease m the temperature of normal 
monkeys In both patients and monkeys, sodium sahcylate prevents the nse m 
temperature produced by the administration of xanthme or caffeme (190) Bar- 
bour (15) conducted extensive studies on the mechanism of antipyresis by sahcyl- 
ate and showed that m fever the heat loss mcreases from a basic value of 37 7 
to 62 1 Cal per sq meter In normal mdividuals one gram doses of aspirm 
produce an morease m carbon dioxide output, and heat production rises from 
37 8 to 40 3 Cal per sq meter (16) The maximum effect occurs 90 to 120 nun- 
utes after drug administration Respiratory quotient and pulse rate are un- 
changed Lesions m the antenor and anterolateral hypot halam us of monkeys 
cause marked temperature labihty but no changes m response to acetylsahcyhc 
acid (118) Barbour (15), as evidence for his idea that antipyreticB act by caus- 
ing hydremia, reported that aspirm was active m this manner, but it was not 
clear whether a central mechanism was mvolved Large doses of sahoylates raise 
the body temperature of dogs (39, 194) The nse is not prevented by mcotme, 
curare, atropme or decapitation and is therefore penpheral It is prevented or 
lessen^ by potassium cyanide 
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predominates in anesthetized animals and the central stimulatory effect m de- 
cerebrate animals In rabbits stimulation of respiration is obtained by sahcylate 
a dmini stered mtravenously (112) This effect is immediate and the carbon diox- 
ide capacity changes onlj’’ secondarily The salicylate is equally effective when 
giien mtravenously with sodium bicarbonate (112) The respiratory effect is not 
depressed by morphme or phenobarbital In cats and rabbits the respiratory 
stimulation is not abolished by removal of the carotid bodies or by atropme 
(112) Bflateral vagotomy mvanably alters the respiratory rate and subsequent 
mjections of sahcylate fad to stimulate respiration significantly It is concluded 
that the mechanism of stimulation is reflax via vagal afferent nerve fibers (112) 

Effect on Actd-Base Balance The changes m electrolyte pattern are probably 
related to respiratory stimulation In almost every case m which it has been 
measured, the carbon dioxide combmmg power was found reduced, and the car- 
bon dioxide dissociation curve was of the hypocapmc type owmg either to over- 
production of acid or to respiratory stimulation (201) The values reported for 
the carbon dioxide content of the venous blood range between 14 and 38 vol- 
umes per cent (7, 76, 209) A v^alue of 57 volumes per cent, well withm the normal 
range, was reported m one case of methyl sahcylate poisomng, (86), and m other 
cases a moderate average fall of 12 volumes per cent has been observed (92) 
The carbon dioxide content of arterial blood has been found to be as low as 15 
volumes per cent (236) In some cases of sodium sahcylate or acetylsahcyhc 
acid poisomng the carbon dioxide combmmg capacity may be 50 volumes per 
cent (37), but it may later fall to 29 volumes per cent (276) Other mvestigators, 
however, have foxmd no correlation between the sahcylate level of the plasma 
and the alkah reserve (110) 

Evidence that the diminished carbon dioxide capacity and the nse m pH are 
due to respiratory stimulation with a subsequent loss of carbon dioxide has been 
presented by several mvestigators (3, 68, 91, 137, 208) Normal subjects receivmg 
12 grams of aspmn exhibit an average nse of 0 06 m blood pH and a fall m plasma 
bicarbonate of 3 0 millimoles per hter (91) This is associated with an average 
mcrease of four hters per mmute m respiratory volume In 27 patients receivmg 
large doses of sahcylate the carbon dioxide capacity was decreased to as httle 
as 32 volumes per cent, but the average pH rose from 7 42 to 7 51 (208) Ander- 
sen el al (3) studied 7 patients who had received 19 to 32 grams of acetylsah- 
cyhc acid m two days and noted a reduction of 20 to 30 per cent m alkah reserve 
Similar results were obtamed with sodium sahcylate but larger doses were be- 
heved necessary The mvestigators estimated that if hydrochlonc acid instead of 
acetylsahcyhc acid were given it would require three to four times as much to 
produce a comparable fall m alkah reserve. They beheve that the hyperventila- 
tion 13 primarily due to central stimulation and that the favorable effect of so- 
dium bicarbonate is probably due to the mcreased urmary excretion of sahcylate 
In advanced sahcylate mtoxication, particularly m children, both serum car- 
bon dioxide content and pH may be distmctly decreased, but this is usually 
preceded by a ketosis and foUou's an mitial period of hyperventilation and un- 
compensated respiratory alkalosis (88) 
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cent legardle&s of whether the drug is given orally or intravenously However, 
some workers find that the vomiting is not necessarily related to the plasma lev el, 
and Graham and Parker (112) report that, although vomitmg occurs at an av- 
erage plasma salicylate contentration of 28 mgm per cent, there is some evidence 
that local imtation is a factor In children with rheumatic fever vomitmg is not 
necessarily related to the blood sahcjdate level, and therefore may be a local 
effect of the drug (188) 

Effect on Respiration Agreement exists that the increased respiratory rate 
observed after large doses of salicylate is the result of a direct central stimulating 
effect of the drug The evudence is increasmg that an acidosis, if it occurs, is sec- 
ondary to the renal adjustment to the respiratory changes (3, 20, 68, 91) In 
most cases of salicylate poisonmg that have been reported, respiration is deep 
and rapid and the rate may be as high as 38 per min ute (21, 81, 91, 201) Occa- 
sionally the hyperpnea is of the Kussmaul type and difScuIt to dhstmguish from 
that m diabetic acidosis (37) After methyl salicylate poisonmg it is common to 
find hyperpnea and dyspnea (86, 219) and a marked mcrease m respiratory rate 
(162) In normal human subjects 12 grams of acetylsahcyhc acid given over a 
penod of eight hours produce a respiratory alkalosis with an mcrease m respira- 
tory volume of four liters per minute (91) There is frequently an alkalosis with 
a rise m blood pH, and numbness and tmglmg of the extreimties similar to that 
observed in tetany (68) Some believe that in patients there is primarily an acido- 
sis which should be treated with sodium bicarbonate (76, 209, 219) Others find a 
primary hyperventilation due to central stimulation, which then leads to a car- 
bon dioxide-deficit tj'pe of alkalosis with an alkahne unne and a low blood bicar- 
bonate (3, 37, 68, 119, 120, 137, 208, 225) Later a ketosis develops with a bicar- 
bonate-deficit type of acidosis (137) The ketosis probably is not related directly 
to the administration of salicylate since it occurs after voluntary hyperventi- 
lation (218) and may result from the administration of alkah (185) It may be 
related to the inability to synthesize glycogen from protem (185) 

Severe dyspnea occurs in patients at an average plasma sahcylate level of 50 
mgm per cent Graham and Parker reported that all patients exhibit hyperven- 
tilation and some exhibit severe dyspnea when the plasma levels are above 35 
mgm per cent (112) 

Experimental studies on dogs (39) show that the mtravenous administration 
of 0 19 to 0 6 gram of sodium salicylate per kgm causes hyperventilation At 
first, the blood carbon dioxide content, oxygen content or red cell volume of 
artenal blood are not sigmficantly changed Later body temperature rises 
sharply, respiratory rate increases, arterial carbon dioxide falls, and blood pH 
and hematocrit values mcrease Others (119) have confirmed that m dogs there 
IS central respiratory stimulation, in rabbits and cats there is marked respuatoiy 
stimulation with mcreased pulmonary ventilation (152) The intravenous ad- 
mmistration of salicylates in dogs and gumea pigs produces an acceleration of 
the respiratory rate (174) Wnght (281), m studies on cats, found that sahcylate 
stimulates both the respiratory center and the smo-aortic nerve endings inius 
the locus of action is both central and penpheral The penpheral reflex effect 
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specific, with no cross-senaitivity to salicylic acid. Sensitivity is more frequent 
in females and m patients ivith other allei^es, especially asthmatics 

Effects on Enzyme Sysieme High concentrations of sahcylate are necessaiy to 
depress the respiration of rat hver tn vtlro (182) They produce some effect on 
xanthme o'ndase, on carboxylase and the dismutation between hexosediphos- 
phate and pyruvate (182) The sahcylates inhibit catalase activity (277) and 
this has been suggested as the mechanism by which antipyretic drugs lower body 
temperature However, other analgesics such as acetanilid, acetophenetidm, anti- 
pyrme and q uinin e do not inhibit catalase activity It has been demonstrated tn 
mtro that sodium sahcylate partially inhibits the digestion of egg albumm by 
pepsin (2) 

Sahcylates have been found to inhibit the spreading effect of hyaluromdase m 
rheumatic fever patients (115, 116) Sodium sahcylate mhibits the effect of 
hyaluromdase from bull testis and from Cl perfnngens tn vwo and m miro^ but 
a higher concentration of sahcylate is needed for the tn vitro inhibition (77) Sal- 
icylates do not inhibit the effect of hyaluromdase on an elevated sedimentation 
rate produced m rabbits by the mjection of sodium hyaluronate (283) This is 
evidence that salicylate does not exert a direct action of hyaluromdase It has 
been suggested that the inhibition of hyaluromdase tn vno may be due to the 
gentisate formed from sahcylate (197), but there is conJfiictmg evidence concem- 
mg the inhibition of the enzyme by gentisic acid (180, 234) Others confirm that 
neither sahcylate nor gentisic acid inhibits hyaluromdase tn vitro but that car- 
boxyparabenzoqumone does inhibit shghtly at 0 001 molar and higher concentra- 
tions (180) This appears of no particular significance m therapy ivith sahcylates 
smce there is no evidence that carboxyparabenzoqumone is formed m appreciable 
amounts. 

Effects of Micro-organisms It has been known for some time that sahcylates 
have antibacterial properties For e.xample, salicylate was therefore suggested 
for the preservation of urme samples (22) Potassium sahcylate, 0.2 molar, m- 
activates tomato spotted wilt virus and tobacco mosaic virus (25), and acetyl- 
sahcyhc acid inactivates yellow fever vims (94), but the concentrations required 
are e.xtremely high and the action is probably non-specific Sodium sahcylate 
inhibits the growth of Rtckefisia lypht m embryonated hen eggs and is comparable 
m effectiveness to para-ammobenzoic acid (230). Sodium sahcylate markedly in- 
creases the oxygen consumption of tubercle bacilh (24), perhaps by servmg as a 
substrate, acetylsahcyhc acid is similarly effective, but only after hydrolysis 
Para-hydroxybenzoic acid has httle and methyl sahcylate and meta-hydroxy- 
benzoic acid have no effect Sodium sahcylate, 60 mgm per cent, inhibits the 
growth of the tubercle bacillus m a glycenn egg culture (199) , the effect is addi- 
tive ivith diammodiphenylsulfone Whitehead, however, found that the growth 
of the tubercle bacilh in mtro is slightly enhanced by the addition of low concen- 
trations of sahcylate (273), and the observed inhibiting effect at higher concen- 
trations may be nonspecific 

The stimulatmg effect of sahcyhc acid on the tubercle bacillus is inhibited by 
p-aminosahcyhc acid (184) Sahcyhc acid has some inhibitory effect on fungal 
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Other Cenlral Nervous System Effects Several other symptoms presumably 
associated ivith stimulation or depression of the central nervous system have 
been described after the admmistration of sahcylates In cases of poisomng some 
patients are confused and mcoherent (159, 252), and dizzmess and irresponsibil- 
ity have been noted Tinnitus has long been found associated with large doses of 
salicylate It begins in a range of 10 to 39 mgm per cent plasma concentration 
of sahcylate (112) Dimmished high-tone acuity may develop in a range of 10 
to 46 mgm per cent, it occurred in all of 33 patients in the first 7 days at levels 
above 35 mgm per cent Jager and Alway (148) observed tinmtus in 34 of 38 
patients, but no serious toxic effects occurred below 40 mgm per cent Prenatal 
medication with salicylates has been suggested as a factor m deafness of the 
newborn (259), but in four cases cited all the mothers had received quinme 
ante partum and none had received salicylates Acetylsahcyhc acid antagomzes 
the hypnotic action of phenobarbital in rats (105) whereas acetophenetidm does 
not, from studies on dogs it was concluded (120) that hypnotics should not be 
used m salicylate poisomng because the central nervous system is unusually 
susceptible to their action Acetylsahcyhc acid m doses comparable to therapeu- 
tic doses in man has little effect on spontaneous activity, maze leammg or re- 
leammg of albmo rats even when given throughout their life cycle (36) The 
thresholds of perception for touch, vibration, smell and hearmg are not raised by 
therapeutic doses of acetylsahcyhc acid (274) However, the two-point discrimi- 
nation threshold was slightly raised m two subjects by 1 8 gr ams of acetylsah- 
cyhc acid In doses of five to 40 mgm per kgm aspinn produces no change m the 
threshold for electneal convulsions in rabbits (256) The vasopressor effect of 
epmephiine is markedly increased by sahcylates (194) 

Allergic Effects of Salicylaie Severe reactions from the administration of rela- 
tively small amounts of salicylates have repeatedly been reported An asthmatic 
patient who took 0 3 gram of acetylsahcyhc acid died withm 10 minutes (83) 
She had had two previous severe reactions to the drug and knew that she was 
hypersensitive to it The case was complicated by the fact that the patient had 
sarcoma of the dura In another asthmatic patient death occurred after 0 6 gram 
of aspirm (97) This patient was also known to be hypersensitive to the drug 
Hyjiersensitiveness to acetylsalicyhc acid manifested by an angma pectons syn- 
drome has been desenbed in two patients, one of them also had urticana (244) 

A small “granule” of acetylsahcyhc acid apphed to the tongue produced a violent 
attack of coughmg, asthma and itchmg ivithm one mmute m mdividuals hyper- 
sensitive to the drug (80) 

The incidence of hypersensitivity to acetylsahcyhc acid is probably no greater 
than two per 1000 of the general population (104) Hypersensitivity to acetyl- 
sahcyhc acid IS much less frequent than that to qumine (104), but the total num- 
ber of cases is relatively large because of the large number of people who take 
acetylsahcyhc acid Buchstem and Pnekman (48, 220) reviewed 62 allergic reac- 
tions to acetylsalicyhc acid at the Mayo Climc and 33 from the hterature Their 
survey did not include cases resulting from overdosage They concluded that the 
skin test is dangerous and unreliable The hypersensitivity may be remarkably 
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Rabbits sensitized to egg albumm are protected by acetylsalicylic acid from 
shock produced by the injection of a challenging dose of egg albumm (50) Nine 
of 10 sensitized animals giien acetylsalicybc acid shoired no shock, ^\he^eas all 
10 controls responded mth shock This observation has been confirmed, the ad- 
ministration of sodium gentisate does not prevent the shock but aminopj’nne 
does (166) Sahcylates hav'e no effect on histamine shock (50) 

If guinea pigs are injected with gumea pig brain and certain adjuvants, a 
progressive encephalomjehtis develops that cannot be prevented by sahcylates, 
but it IS usually prevented by a combination of salicylate and p-ammobenzoic 
acid (109) 

Acute ToxicUy of Salicylatea As is true for many old and \ndely used drugs, 
less information on the acute toxicity m animals exists for salicylates than for 
more recently mtroduced drugs The fatal dose m gumea pigs (route of adminis- 
tration not stated) is approximately 1 5 gm per kgm (96) The LDso for acetyl- 
sahcyhc acid orally in mice is 1 36 gm per kgm (46) In white mice, the minimal 
lethal dose (route of administration not stated) of sodium sahcylate is 5 milli- 
moles per kgm (800 mgm per kgm ), as compared with 2 millimoles per kgm 
for methyl sahcylate and 0 5 millimoles per kgm for phenol (155) In rats, the 
oral LDm for acetylsalicybc acid is 1 24 gm per kgm (47) The acute tovicity 
of sodium sahcylate for rabbits is reduced by sodium bicarbonate and is possibly 
increased by magnesium tnsihcate (69) Ascorbic acid, as the sodium or the cal- 
cium salt, reduces the toxicity of sodium sahcylate (69, 114, 216) Magnesium 
salts reduced the toxicity of sahcylates m mice (279), but a protective action of 
calcium gluconate in acetylsahcyhc acid poisomng could not be demonstrated 
concluavely (19) 

The smgle fatal dose of sahcylates in man is not precisely known The fatal 
cases of poisomng have been reviewed in detail by Gross and Greenberg (113) 
The fatal dose of salicj late m man may be as low as 0^ gram m mdividuals who 
are particularly hypersensitive to it, but patients have survived 40 grams of 
acetylsahcyhc acid (173), and an artbntic patient is on record who took eight 
grams a day for 17 years without apparent harmful effects (70) 

In his survey Lowy (181) found 1 6 deaths per milhon hospital admissions m 
the Umted States, attnbuted to aspirm This compares with 50 deaths per mil- 
lion admissions, attnbuted to barbiturates 
Therapeutic Effects The inadequate demonstration that m normal human sub- 
jects acetylsahcyhc acid raises the pam threshold for a circumscribed heat stimu- 
lus (134) provided tentative experimental confirmation for the long established 
use of sahcylates for the rebef of pam The major use of sahcylates is for analge- 
sia, particularly for treatment of simple headache or neuralgic pam 

Whereas the salicylates are probably most frequently employed for the rehef 
of headache and neuralgia, their use m the treatment of rheumatic fever is per- 
haps more important since few of the effective drugs are safe enough to be ad- 
ministered m sufiBcient dosage for the long periods of treatment required In con- 
sidering the status of the sahcylates m the theiapy of rheumatic fever, it is 
mterestmg to recall that Latham (161) published a paper m The Lancet m 18S5 
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infections when apphed to the skin, and 36 of 54 patients were symptomatically 
cured (260) Of several sahcylates tested some were effective in destroymg the 
fungi associated with mildew diseases (60) In studies with Slreplococcua aureus 
and Escherichia coh, evidence has been obtained that the antiseptic action is due 
to inhibition of the synthesis of pantothemc acid (144, 145) Pantothemc acid, 
pantolactone and pantoyltaunne antagonize the inhi biting effect of sahcylate on 
E coh (251) and pantothemc acid antagomzes the effect on Myco tuberculosis 
(146) 

Effects on Immunological Phenomena Because of the favorable effect of sali- 
cylates m rheumatic fever, many investigators have been concerned with the 
effect of sahcylates on immunological phenomena A saturated solution of sodium 
sahcylate neutralizes diphtheria and tetanus toxins without destroymg their 
antitoxmogemc capacity (29) This may be due to protein denaturation, a known 
effect of high sahcylate concentrations (6, 240) Toxic filtrates of hemolytic or 
non-hemol 3 d;ic streptococci are not neutrahzed (72) Sahcylates prevent precipi- 
tate formation when added to a system of egg alb umin and its antibody (63) 
The inhibition is proportional to the concentration of sahcylate The effect is 
reversible and appears to be due to inactivation of the antibody 

Administration of two to three grams of acetylsahcyhc acid per day has no ap- 
preciable effect on the development of agglutinins foUowmg typhoid moculation 
(217) Gumea pigs and rabbits mjected with rhesus monkey erythrocytes form 
less anti-Rh agglutinins when treated with sodium sahcylate (141) Soium sali- 
cylate given to pregnant mothers m doses of 8 to 10 grams a day for 20 weeks 
failed to prevent the development of erythroblastosis fetalis (195) Sahcylates 
suppress antibody formation to typhoid H and 0 antigens in rheumatic fever 
patients mjected with typhoid vaccme, the changes m leucocjrtes, plasma fibrmo- 
gen, erythrocytes, and sedimentation rate, which were observed m the controls, 
were absent (149) 

Sahcylates do not prevent experimental streptococcal arthntis in rabbits, but 
the ammala manifest less jomt inflammation (36) Sodium sahcylate mjected mto 
rabbits suppresses the allergic dermal reaction to hemolytic streptococcal fil- 
trates, but the subsequent proliferation of vascular lesions is the same as m the 
control animals (122) 

In studies on imm une body production m serum disease m rabbits, serum dis- 
ease arthritis is usually prevented if sahcylate treatment is started immediately 
after the serum mjection and continued through the usual penod of incubation 
(75) In similar experiments, others (263) found that salicylates do not prevent 
the histological changes When sodium salicylate is mjected mto rabbits daily for 
eight days before administration of horse serum antigen, the formation of arte- 
rial lesions IS prevented even though circulatmg antibody is present (254) It is 
postulated that salicylate prevents the fixation of antigen m the tissue cells 
Some mvestigators found that sodium sahcylate decreases the se\enty of the 
artenal and valmlor lesions produced by the mjection of horse serum mto rab- 
bits (249), others (231) found no preiention of either the lascular or the myo- 
cardial lesions but some prevention of the valvular lesions 



CERTAIN ASPECTS OP PHAHilACOLOOT OP SALICYLATES 


373 


fall at plasma levels between 20 and 30 mgm per cent and a rapid fall at plasma 
levels between 30 and 40 mgm per cent Usually two grams of sodium sabcylate 
five times per day were given to mamtam the high plasma levels It was con- 
cluded that the drug effected a real cure m rheumatic fever In similar studies 
on rheumatic fever patients, it was shown that large doses of sahcylates do not 
reduce the relapse rate but that the patients are promptly reheved of pam and 
that the sedimentation rate usually returns to normal in a short time (269) 
The plasma sabcylate levels were kept above 30 mgm per cent m these patients 
W4gna and Smull (270, 271) treated rheumatic fever patients by keepmg the 
plasma levels at 35 to 50 mgm per cent They found that the course of the at- 
tack was ordinarily not shortened by the high doses of sahcylates Comparable 
results were obtamed by Warren et al (268) hlurphy (204) treated 12 patients 
with large doses of sahcylates, and his results did not support the \aew that sah- 
cylates cause the subsidence of rheumatic jomt inflammation Keith and Boss 
(157) found that large doses of sabcylate were efi'ective m rehevmg the acute 
symptoms, but that they were meffective m preventmg cardiac lesions 

Sahcylates have been shown (64) to be efi'ective m preventmg the develop- 
ment of the climcal manifestations of rheumatic fever m patients with mtercur- 
rent streptococcal phaiyngitis Only one of 47 such patients receivmg five gm of 
sodium sabcylate a day had a chmcal attack of rheumatic fever whereas 57 of 
139 control patients had chmcal attacks 

Meyer and Ragan (196) studied the effects of the sodiiun salt of gentisic acid, 
a metabohc product of sabcylate, m rheumatic fever patients The compound 
had the same anti-rheumatic effect as the sahcylates Prothrombin time did not 
significantly decrease and the drug could not be detected m the blood The doses 
used were of the order of 10 grams a day, which is probably far m excess of any 
amount onginatmg from the sabcylate doses ordmanly admmistered to rheu- 
matic fever patients 

The spectacular results obtamed with the adrenal cortical hormone, com- 
pound E, m rheumatic fever (135) and the possibility that adrenocorticotrophic 
hormone may have a favorable influence (135) raise the question of the future 
use of salicylates in this disease It is too early to do more than speculate Should 
these compounds prove to be effective consistently m rheumatic fever, then it 
remains to be seen whether they can be produced m adequate quantity and 
whether their long-continued admmistration viill produce endocrme disturb- 
ances or other toxic effects The mconvemence and pam of frequent parenteral 
admmistration will be factors m determmmg them use 'While it is generally 
agreed that sahcylates reduce the fever, relieve the pain, and arrest the inflam- 
matory processes, there is insufficient evidence that they prevent cardiac com- 
phcatioDS, if compound E is effective m this respect, it mil probably have a very 
important place m rheumatic fever therapy 

sujnrAKv 

The many mtensive studies on the pharmacology of salicylates have rev ealed 
the prmcipal features of their actions and physiological disposition They are 
rapidly absorbed from all portions of the gastrointestinal tract, absorption bemg 
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entitled “Why does sahcyhc acid cure rheumatism?" and that 63 years later 
Reid published a paper (228) entitled “Does sodium sahcylate cure rheumatio 
fever?” The salicylates are very effective m the symptomatic treatment of 
rheumatic fever (164), but it has been known for a long time (131) that other 
analgesics will also give prompt and effective relief of symptoms and may even 
provide permanent relief Opimons are at variance on whether rheumatic fever 
as such responds to sahcylates Master and Romanoff (192) compared a group 
of rheumatic fever patients given 12 grams of sodium sahcylate a day with a 
control group of patients receiving no sahcylate and found no essential difference 
m the duration of the attacks Acute pencarditis and myocarditis occurred with 
similar frequency m the two groups In an attempt to assess the value of sahcyl- 
ate in rheumatic fever, it was found that in 86 per cent of 139 cases not receivmg 
salicylate the symptoms ceased within four weeks, whereas 77 per cent of the 
59 patients receivmg sahcylates not only had S3mptoms for the same length of 
time but suffered subsequent relapses (205) Relapses were rare, however, when 
the patients received more than eight grams a day A group of 67 children re- 
ceiving 1 3 grams of acetylsalicyhc acid a day for six months gamed more weight 
than did control patients This was attributed to the increased comfort, and it 
was concluded that the salicylates were pmnanly of value m preventmg pam 
(164) Roskam (235), who usually treated his patients with either eight grama 
of sodium sahcylate or six grams of acetylsahcyhc acid, foimd that acetylsah- 
cyhc acid was sometunes effective m patients resistant to sodium sahcylate 

In a study of military personnel, a minim um concentration of 25 mgm per 
cent of salicylate had to be maintained in the plasma if the acute phase of the 
disease was to be suppressed (188) Ordmanly 10 grams of acetylsahcyhc acid 
plus eight grams of sodium bicarbonate a day were given to maintam an average 
plasma level of 32 mgm per cent The sahcylates exert only a slight effect on the 
sedimentation rate m polycychc attacks of rheumatic fever and such attacks do 
not respond as well as does the imtial attack (49) 

CJobum (61, 62) has suggested that rheumatic fever patients receivmg large 
doses of salicylate for a long enough penod of time are less prone to develop 
valvular heart lesions He gave the drug intravenously to raise the plasma level 
rapidly to 40 mgm per cent None of his 38 patients who received 10 grams of 
Bothum salicylate daily and had plasma sahcylate levels over 35 mgm per cent 
developed cardiac lesions, but on smaller doses of sahcylate, 21 of 63 patients did 
develop valvular lesions 

Others (84) have commented on the studies of Cobum and criticized them 
(239), claiming that his cntena of cardiac damage were not adequately descnbed, 
that the follow-up penod was too short, that the cntena for classifying cases as 
severe or mild were not precisely stated, and that m some patients the sedimen- 
tation rate did not return to normal 

Doses of 0 1 gram of sahcylate per pound body weight, which produce plasma 
levels of 30 to 45 mgm per cent, are effective m rheumatic polyarthntis and acute 
rheumatic carditis m children (257), but smaller doses are meffective Usmg the 
erythrocyte sedunentaUon rate as the cntenon of effectiveness, Reid (228) fomd 
no change when plasma sahcylate levels were less than 20 mgm per cent, a slow 
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most rapid m the small mtestme from slightly acid solutions Distribution is 
throughout the body, appreciable amounts being wthm the cells Degradation 
mcludes partial oxidation or conjugation with glycine or glycuromc acid Excre- 
tion 18 moderately rapid, the free salicylate being excreted more rapidly nhen 
the urmary pH is high 

The salicylates are among the least toxic of commonly used drugs, but rarely, 
even m moderate doses, they produce severe reactions, particularly in asthmatic 
patients Large doses may produce a transient fall m plasma prothrombin, but 
there is seldom a hemorrhagic tendency Nausea and vomiting are usually asso- 
ciated with high plasma levels and are primarily central in origin Large doses of 
sahcylates stimulate the respiration, this produces an alkalosis which may con- 
tmue until a ketosis develops 

Several decades of research on the salicylates have left many problems stiU un- 
solved One of the most important is whether the sahcylates act per se or through 
the degradation product, gentisic acid In favor of the latter hypothesis is the 
beneficial action of gentisic acid in rheumatic fever (196) But there is some ques- 
tion whether the compound inhibits hyaluromdase (180, 197, 234), and the dose 
required m therapy is larger than would be expected on the basis of the fraction 
of salicylate known to be converted to gentisate (154), also the drug fails to 
prevent anaphylactic shock (166) whereas the sahcylates are effective (50, 166) 

The metabolism of methyl sahcylate has not been studied as mtensively as 
that of sahcyhc acid and acetylsahcyhc acid It may be that it differs appre- 
ciably 

The failure to demonstrate consistently an analgesic effect of salicylates 
may be due to inadequate methods of studying analgesia 

The demonstration that sahcylates prevent anaphylactic shock raises the 
question of the possible relation of this phenomenon to the mechamsm of sah- 
oylate action m rheumatic fever 
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MONOFLUOROACETIC ACID AND RELATED COAIPOUXD3' 
MAYNAED B CHEAOiyETH 

Department of Pharmacology, University of Michigan, Ann Arbor, Michigan 

During and since World War n there has been a widening interest in the 
polyfluonnated hydrocarbons, most of which are very nearly inert biologically 
On the other hand, a group of monofluonnated compounds has been found that 
mcludes many very taxic substances Monofluoroacetic acid is the prototype of 
these compounds, which exhibit pharmacological actions of remarkably differ- 
ent character m different species It la the purpose of this review to bring to- 
gether and attempt to explam the available information concemmg these potent 
pharmacological agents The review has not been undertaken pnmanly because 
of mterest m the fluoroacetates- per se but rather because their study contnb- 
utes greatly to the pharmacological and biochemical understanding of drug 
actions 

Although first prepared synthetically by Swarts (122) m 1896, monofluoroacetic 
acid (FCH 2 COOH) and its denvatives attracted very httle attention from chem- 
ists and none from pharmacologists until the early 1940's when Polish chemists 
(96), escapmg to England, brought word of the toxicity of the methyl ester of 
fluoroacetjc aad which they had prepared (60) It was soon established by inten- 
sive studies under the auspices of the armed semces in England and m this 
country that the fluoroacetates are exceedmgly curious substances The com- 
pounds are so toxic to dogs that 50 micrograms per kilogram cause prolonged 
convulsions of central nenmus system ongm and death from respiratory failure, 
yet they are only 1/200 as toxic to monkeys, m which species cardiac poisonmg 
and ventncular fibnllation are the cause of death The reasons for these seem- 
ingly capncious effects present problems of interest to biologists 
Secunty precautions durmg the war prevented prompt pubhcation of research 
results and it therefore occasionally was difBcult to acknowledge properly some 
of the mvestigative work done durmg that penod During this penod Marais, 
in an mdependent study reported m 1944 (93), succeeded m isolating potassium 
monofluoroacetate from the South African plant, Dichapelalum qjmosum This 
plant, known locally as "Gifblaar,” is a well-recognized hazard to stock and 
cattle (131) The occurrence of fluoroacetic acid in this plant is believed to be 
the first example of a naturally occumng organic fluoride, it completes the list 
of natural orgamc halogen compounds and presents an mteresting problem in 
bios 3 rn thesis 

A considerable bodj* of practical expenence with the use of sodium fluoroace- 

’ Original iaveatigations reported in this communication were supported (in part) bj 
research grants from the Division of Research Grants and Fellowships of the Xational 
Institutes of Health, U S Pubhc Health Service 

•The use of ‘'fluoroacetates” as a loose generic name for this series of compounds is 
based on the fact that fluoroacetic acid and its simple compounds are the lowest active 
members of a homologous senes 
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tate (Compound § 1080, hence the common name of “ten eighty”) as a rodenti- 
cide and general mammahan pest cjntrol agent has accumulated since Treichler 
and Ward of the Umted States Fish and Wildhfe Agency introduced the com- 
pound for this purpose m 1945 The pertinent original hterature should be con- 
sulted by those interested in this important application of fluoroacetate (5, 6, 
60, 74, 92, 119, 128) It will be reviewed here only when mformation it contains 
contributes to the understanding of the biological actions of these compounds 
The rodenticidal uses of the chemical cannot be ignored for such uses are of 
pnme ecologic importance The ammal population of a poisoned area may be 
almost entirely destroyed by sodium fluoroacetate and its ividespread use m pest 
control has been the cause of several human fatalities 


I SPECIAL CHEMISTRY OF THE FLUOROACETATE COMPOUNDS 

A Synlhesis 

The synthesis of fluoroacetic acid, its denvatives and analogs has been studied 
intensively (GO, 93, 122), particularly with the objective of perfecting large scale 
processes (7, 24, 72, 110, 111, 112, 113) Jenkins and Koehler have described the 
process and safeguards employed by the chief manufacturer of “1080”, so- 
dium fluoroacetate (73) Germane to the present review is the fact that most 
commercial procedures for production of “1080” result m some contanunation 
of the product with fluondea (usually KF) unless special effort, usually redistil- 
lation of an ester of fluoroacetic acid, is taken to punfy the product This can be 
a source of error in interpreting the results of studies with fluoroacetate, par- 
ticularly anth high concentrations in mlro 


B Structural Aspects 


Certam details concerning the physical chemistry of fluoroacetate are impor- 
tant for an understanding of its pharmacological actions The chemical behavior 
of monofluonnated orgamc acids in general is very httle different from that of 
the correspondmg unsubstituted acids, this is in contrast to the other mono- 
halogenated acids Indeed, the process of fluonnation, with the correspondmg 
shortening and strengthemng of mter-atomic bonds, appears to confer mcreasmg 
nonreactivity on all molecules (61) ’ 

Attention has been directed particularly to the stabihty of the carbon-fluorme 
bond in fluoroacetic acid There are tittle or no data upon the nature of this bond 
m longer-chain acids but their pharmacological behavior suggests that the sta- 
bihty of their C-F bond parallels that in fluoroacetate It has been confirmed re- 
peatedly that rupture of the C-F bond is very difficult (12, 13, 40, 110) Although 
some samples of sodium fluoroacetate do contain fluondes as contaminants, it is 
not reasonable to suppose that the fluoroacetates exert their actions by the lib- 
eration of fluonde, the pharmacological actions of which are quite different 
(108) Indeed, Bergmann and Fruton found that fluoroacetate, evep after many 


•The chemistry of the aliphatic fluorine compounds, as it was known in 1941, h^ been 
reviewed by Henne (61) Two additional recent reviews (14, 101) of the expanding field of 
fluorine chemistry should be consulted by those interested 
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hours in solution under physiological conditions of pH and temperature, loses 
no fluonne detectable as fluonde ion (13) However, boihng with 20 per cent 
KOH for 20 hours mil release 50 per cent of the fluonne as KF (1 10) Bartlett 
and Barron have published a large list of biologically important chemical sub- 
stances and enzymes with which fluoroacetate does not react, and have contrasted 
the four monohalogenated acetic acids with regard to their ability to thio- 
acetylate cysteine (12) (see Table I) The rate of replacement of the fluonne of 
ethyl fluoroacetate by sulfite at 45“ C is expressed by a bimolecular velocity 
constant of 4 5 X 10"®, whereas the bromme of ethyl bromoacetate is replaced 
at 25°C at a very much greater rate (constant = 18 3), accordmg to Backer 
and van Mels (8) This extreme nonreactivity of carbon-attached fluonne reflects 
the general relationship between the rates of reaction and the bond-energy 
values of the C-halogen bonds as well as the electro-negative values of the halo- 

TABLE I 


Physical and Chemical Properlies of Acetic Acid and Monohalogenated Acetic Acids 
(References to source of data are given m parentheses) 
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FCH,COOH 

210 

(F) 0 64 

145 

107 0 
114 (59) 

4 0 

No reaction 

17(125) 

ClCHiCOOH 

155 


lEI 

66 5 

3 0 

125 nuns 

165(100) 

BrCH.COOH 

138 



54 0 

2 8 

6 2 mins 

100(100) 

ICHjCOOH 

76 


B 

45 5 

2 5 

4 0 mins 

63(100) 


gens (Table I) It may be noted that, although chloroacetic acid is the strongest 
acid of the Cl, Br, I-monohalogenated acetic acids, lodoacetic is the most toxic 
and chloroacetic the least toxic The toxicity is probably a reflection of their 
relative activity as thiol acetylatmg agents But fluoroacetic acid, the strongest 
monohalogenated acetic acid, is also the most toxic It is apparent that toxicity 
m this senes is directly related to the reactmty of the halomethyl, rather than 
the carboxyl, moiety of the molecule The great difference m chemical character 
between fluoroacetic acid and the more f amilia r lodoacetic acid is almost cer- 
tainly a direct cause of the equally great difference m pharmacological action 

C Analytical Aspects 

There appears to be no chenucal reaction given solely by fluoroacetic acid 
which would dis t inguish it from other compounds Reactions of acetic acid 
which depend upon attack of the methyl group do not proceed at all or only 
under much more drastic conditions when attempted with fluoroacetic acid, 
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although there is no appreciable quahtative difference nith regard to reactions 
involving the carboxyl groups Fluoroacetate solutions give the characteristic 
blue color given by acetate and propionate with lanthanum salts (Kruger and 
Tschirch test) Hutchens and Kass (68) have made this test quantitative under 
very controlled conditions, for example, it is capable of detecting fluoroacetate 
in culture media in a range of 100 to 400 parts per irulhon The crystaUme forms 
of the barium salts of the four monohalogenated acetic acids are useful for iden- 
tification and have been described m detail (46) Characterization of sufficiently 
large amounts of pure fluoroacetic acid has been accomplished by the formation 
of conventional and smtable denvatives (60, 73, 110), especially fluoroacetamide 
(7), a useful mtermediate 

Although there appears to be no great difficulty m charactenzmg fluoroacetic 
acid in the organic chemist’s laboratory, qmte the contrary is true when deter- 
mination of small amounts of the compound m biological matenal is attempted 
To date, nearly all methods depend upon sphttmg off and detectmg the fluonde 
ion Quantitative methods for the determination of fluonde with zircomum ah- 
zann sulfonate (57) or as lead chlorofluonde (49) have been employed Much has 
been accomplished toward the detection of fluoroacetate m dnnlang water by 
drastic measures to release the fluonde ion which are rather convement for field 
use (57) Ramsey and Clifford have recently descnbed (106) a method for the 
accurate and specific determination of fluoroacetate m food and other biological 
matenal m concentrations as low as 0 2 part per million, a degree of sensitivity 
which has very practical importance 

jD Stabtlity of Sodium and Methyl Fluoroacetate Solutions 

The extraordinary stabihty of the fluonne-carbon bond has attracted consid- 
erable attention and has led to the impression that compounds of fluoroacetic 
acid are very stable This is not entirely true Although solid sodium fluoroace- 
tate, which 18 highly hygroscopic, keeps well in a desiccator, aqueous solutions 
of salt or esters decrease m toxicity with time Albaum (2) showed that methyl 
fluoroacetate solutions decreased m toxicity even though refngerated, while at 
room temperature the process was accelerated Thus, a solution mjected intra- 
pentoneally m the calculated dose of 5 mgm /kgm killed 7 of 10 rats when it 
was fresh but only 2 of 12 rats after it was kept 24 days m the refngerator (ap- 
proximately 5°C ) A second solution detenorated at room temperature so mark- 
edly that, although 5 mgm /kgm killed 19 of 24 rats when mjected immediatelv 
after bemg prepared it killed but 8 of 20 rats after it had stood for only 7 days 
Although precise assays have not been made, observations m this laboratory 
with solutions of sodium fluoroacetate and soffium 7-fluorocrotonate have indi- 
cated a similar rate of detenoration As far as toxicity to yeast is concerned, 
however, fluoroacetate solutions remam unchanged for 1 month at 3 to 5°C 

(77) 

It 13 to be expected that hydrolysis of the methyl ester rapidlv occurs and 
Pnce and Jackson (102) have found a half-life of less than an hour for this re- 
action at pH 7 0 This is not particularly important as a cause of the decreasmg 
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activity masiDUcli as a similar decrease is noted i\ith the sodium salt As pomted 
out under section I-B, no fluonde ion is released under these conditions Woods 
(133) has suggested the possibihty that spontaneous decarboxylation acceler- 
ated by the resonance effects of the fluorine atom may occur accordmg to the 
reaction 

FCHjCOONa + H,0 NaHCOj + CH^F t 

with the hberation of the highly volatile, relatively non-toxic methyl fluonde 
Thus, although no fluonde ion would accumulate m the solution, the actual con- 
tent of fluoroacetate m the solution continually decreases This type of reaction 
is often catalj'zed bj' traces of halogen ions Until more is known about this 
phenomenon, ini estigators usmg fluoroacetates should prepare solutions just 
pnor to use Detenoration does not seem to be a senous problem when solutions 
of sodium fluoroacetate are used m routme rat poisomng operations, perhaps 
because of the generally short (2 to 3 day) penod of avposure of the poison (6) 

II ToxicrrT 

A Response of Various Species lo Toxic MonoHuonnaied Acids 

Very few compounds are known which exert such vanable pharmacological 
actions m different species as does fluoroacetate Not only does the LDso vary 
from 0 06 mgm /kgm m the dog to well over 500 mgm Agni. m the umque case 
of the South Afncan clawed toad {Xenopis hem), but the quahtative character 
of the pharmacodynamic action of the drug is equally vaned The major pomt 
of attack may be either the central nervous ^Tstem or the heart Both may be 
affected to varying degrees m some species, but it is usual to find that one organ 
IS primarily concerned while the other is but shghtly, or not at all, affected 
Death may result from (a) respiratoiy arrest following severe convulsions, (b) 
gradual cardiac failure or ventncular fibrillation, or (c) progressive depression of 
the central nervous system with either respiratory or cardiac failure as the ter- 
minal event All these responses follow a long and essentially irreducible latent 
period after the administration of the poison by any route These phenomena 
are discussed m section III 

In Table 11, the mam toxic effect, if known, is mdicated by 4-f and on the 
same scale 1-1- mdicates that this effect is very rarely seen Although there is 
some difference between the sodium salt and the methyl ester of fluoroacetic acid 
when they are apphed to frog tissue (18, 23, 38, 39), there appears to be no differ- 
ence between them m the mtact animal (30) No distmction between the two 
chemicals is made m Table II although most of the data were obtamed with 
sodium fluoroacetate 

Study of the information presented m Table 11 mdicates that, among the 
warm-blooded species, primates and all types of birds are generally the least 
susceptible to fluoroacetate poisomng, whereas the carmvora and vrdd rodents 
appear to be particularly sensitive The Texan pocket gopher {Geomys hreviceps 
sp ) 13 the most sensitn e species so far descnbed, all rune of those studied bemg 
killed by an intrapentoneal mjection of 0 05 mgm /kgm It is noteworthy that 
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TABLE n 


Toxtctly of Fluoroacelate Compounds 




1 





svxoxs 

LDtt 

< 

sotm 

HXAITt 

BXAlNt 

um 

ZHCZ 


Sodium or methy] fiuoroacetate, fiuoroetbanol 



mipu/kp:*. 






Phiuates 







Man (Hottio saptsns) 

Rhesus Monkey (Macaca mu- 

2-5 

3 

Oral 

4+VF, F 

2-3+C 

6 

latla) 

4 0 

2 

IV 

4+VF, F 

2-3+C 

30 

Spider Monkey {Atelea geof- 







Jroyi) 

16 0 

2 

IV 

4+VF, F 

0 

30 

Unqui-ates and Ruminants 
Goat 

0 6 

2 

IJH 

4+VF 

0 

30 

Sheep 

2 0 

3 

Oral 

4+VF 

0 

106 

Horse 

1 0 

2 

Oral 

4+VP 

1+C 

30, 62, 




IM 



63 

Swine (young) 

0 4 

1 

IJ> 

4+VF 

4+C 

30 

Swine (adult) 

<1 0 

2 

Oral 

4+VP 

4+C 

116 

Cabnivobes 







Canines 







Dog (mixed breeds) 

0 08 

2 

IV 

0 

4+C 

30 

0 10(IxOtQo) 

1 

IV 

0 

4+C 

30,37 

Coyote {Cams lalrans nebra- 






129 

censts) 

0 10 i 

1 

IP 

0 

4+C 

Fbunes 







Cat {Felts domeslicus) 

0 20 

1 

IV 

2+vr 

4+C 

99 

Rodents 







Rais 






30, 129 

Albino Rats 

6 0 

1 

IM 

1+VF 

3+C 




SC 

2+F 

4+D 





IP 





2-3 

2 

SC 

— 

— 

62 


2 6 

— 

Oral 

— 

— 

74 

Cotton Rat (Florida) {Stg- 
modon hiaptdus liltorahs 
Wood Rat (Califorma) {Neo- 

0 1 

1 

Oral 

— 

— 

129 

129 

toma tnlermedta) 

Wood Rat (Anzona) {^^eo- 

1 6 

2 

Oral 



129 

loma a albegula) 

Norway (Adult Wild Mary- 

0 8 

1 

IP 

Oral 



44 

land) {R R Norvegtcus) 

0 22 

1 

— 


Norway Rat (Florida) 

3 0 

2 

Oral 



129 

Alexandrine Rat {R f 
aTtdncus) 

0 5 

3 

Oral 

— 

— 

129 

, Black rat {R r subsp ) 

0 1 


Oral 



74 

Mice 

Albino (Maple Grove) 
(Carworth) 

19 3 

17 0 

1 

1 

SC 

Oral 

0 

4+C 

70 

125 
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TABLE U — Conltnued 


i 

SWSdlS 1 

LDh 

e 

s 

g 
: < 

XODTX 1 



tXTtX- 

xacx 








Sodium or methyl fluoroacetata, fluoroethanol-^onlinued 


Mice — Cant’d 

Albmo others 

10 0 

1 

IJ> 





16 0 

2 

SC 

— 

— 



5 0 

2 

SC 

— 

— 


Meadow Mouse (Mtcrolus 
(haydeni) 

0 5 

2 

Oral 





129 

Deer Mouse {Peromyseua sp ) 

4 0 

1 

Oral 

' — 

— 

129 

House Mouse (Mua mueculue) 

8 0 

2 

Oral 

— 

— 

^ 129 

Hamsters 

3 0 

2 




3+C 

30 

Rabbits 

New Zealand White 

0 25 

1 

IV 

4+VF 

4+D 

0 

30, 70 

Pigmented 

0 5 

3 

IV 

4+vr 

0 

37 

Dutch & others 

0 5-10 

3 

SC 

— 


30,70 

Guinea Pigs 

0 35 

1 

IJ> 

0 

4H-C 1 

30,70 


0 25 (UDtao) 

2 

SC 

— 

— 1 

105 

Ground Squirrels 

Apache spotted (Citellus | 
spilosoma cavescsns) 

0 4 ! 

3 



1 

129 

Columbian (Citellus columbi- 
anus columbtanus) 

0 9 

2 

IJ> 

3+ 

4+D 

129 

Fisher (jCitellus b Ftsheri) 

0 3 


Oral 

— 

4+C 1 

129 

Pocket Gopher 

Brevjceps — ^Texas [Geomys 
bremceps sp) 

1 

<0 05 (XJDioo 

1 

1 

U 


1 

129 

Tusa — PlondaiGeomys flond- 
anus) 

in 9 ammala) 

0 2 

1 

IP 

~ 1 


129 

Kangaroo Rats 

BannertaiJ (Dipodmys s 
speclabilis) 

0 1 

1 

IP 



129 

Memam [Dipodomys m 
memami) 

0 15 

2 

IP 

1 


129 

Bibub 

ChicLens 

White Leghorn 

7 5 

1 

Oral 


3+D 

42 

Rhode Island Red 

5 0 

3 

Oral 

4+ 

3+D 

30, 129 

Plymouth Rock 

5 5 

2 

IV 

Oral 

— 

1 

129 
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TABLE II — ConUmied 











G 





SFxais 

LDu 


loon j 

1 

EIAXlt 

BSAnrt 

um 

KVCX 


Pigeons 

mtm Iktm 






Plonda 

9 0 

2 

Oral 

— 

— 

129 

Colorado 

Passerine 

Engbsh Sparrow (Passer 

2 5 

1 

2 

Oral 



129 

domesticus) 

Game Birds 

Gambela Quail (Lophortyx 

2 6 

1 

1 

Oral 

1 

1 


129 

gambeh) 

Carnon Feeding Birds 

Golden Eagle (Aquila chrys- 

20 

j 

1 

Oral 



129 

aetos) 

Black vulture (Calhansla 

5 0 

3 

Oral 



129 

urubu) 

PoiKIUOTHEHUa 

Frog 

16 0 

3 

Oral 


1 

129 

Rana pipiens 

South AIncan Clawed Toad 

150 0 

1 

1 

SC 

0 

2+C 

4+D 

30, 99 

(Xenopts laevis) 

>600 0 

2 

IF 

SC 



105 


Sodimn 7-fluoroorotonat© FCHjCH«»CHCOONa 


Rhesus Monkey (Macaco mu- 







(alia) 

2 6 

3 

IV 

4+VF 

2+C 

37 

Dog 

0 06-0 07 

2 

IV 

0 

4+C 

37 

Rabbit (Albino) 

Mouse (Albino) (Rockland 

0 16 

2 

IV 

4+VF 

0 

37 

37 

Swiss) 

1 0 

2 i 

IV 

0 

4+C 

2 0 (LD.o.) 

1 

IV 

0 

4+C 

37 

Rat (Albino) 

1 0 

2 

IF 

0 

3+C 

37 


1 

1 


4+D 

1 

Rana ptpiens 

26 0 

1 

3 

SC 


2+C 

4+D 

37 


Methyl Y-fluorobutyrate F-CHiCHtCHiCOO CH» 


Rhesus Monkey (Macaco mu- 
latta) 

Cat 

Rabbit 


3-6 
0 2 
0 10 


3 IV 
2 IV 
1 IV 


4+F 

0 

4+VF 


8+C 

4+C 

1+C 


29 

29 

29 
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Babbita 

Rats 

iEce 


TABLE n — Concluded 



Ethyl 5-fluorohexanoate F-CHiCHjCHjCHjCHiCOO CjHj 


0 S-0 5 
2 3 
4 0 



Key to Scale — No infonnation 
0 «» Never seen. 

1+ — Very rarely seen 

2+ “ Occasionally seen Can be expected 

3+ Generally seen 

4+ “ Charaotenstio action of drug Always seen 
• Accuracy 1 — Highly accurate 

2 — Accurate enough for practical work 

3 — Estunate on few observations 
t VF »» Ventncular fibrillation 

F »• Cardiac failure (not VF) 

C ■> Convulsion 
D «• Depression 

Sea (96, 109, 129) for data on a number of other species and compounds which were not 
suitable for inclusion in this table 


laboratory strains of rats and mice are quite resistant to fluoroacetate, but that 
there is much variation between strains (see also section HI-F, d) There is a 
tendency, to which the gumea pig is a stnkmg exception, for herbivorous animals 
to manif est cardiac effects and for carnivores to develop per pnmum central 
nervous system convulsions or depression, whereas m more or less ommvorous 
species both the heart and central nervous system may be affected Although a 
sex difference m respect to sensitivity has been reported for certam wild ducks 
(129), it has not been noted m other species As might be expected, elevated en- 
vironmental temperatures mcrease the sensitivity of nuce to fluoroacetate to an 
appreciable degree (37) 

Cold-blooded vertebrates are generally very insensitive to fluoroacetate, but 
it 13 clear that the mcreased toxicity of fluorocrotonate is much more apparent 
in Rajia pipiens than m most mammalia The sensitivity of frogs to fluoroacetate 
IS not significantly increased when the frogs are kept in water at 32°C (37), but 
frogs are more sensitive m the summer thRn m the wmter (18) 

Such data as are airailable mdicate that fish are relatively insensitive to fluoro- 
acetate m the water surroundmg them (81) Anopheles larvae are very sensitii e 
to fluoroacetate (43) Indeed, the insects that have been studied (ants, roaches 
(5), aphids (65) and moths (72)) are generally very sensitive to fluoroacetate 
Fleas are killed by feeding on poisoned rats (92) Microorganisms have not been 
studied extensively, but Kalmtsky and Barron (77) have made considerable use 
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of sensitive microorganisms and plant seedlings m elucidatmg the mechanism of 
action of fluoroacetate (v i ) Mold grov-th {Physarella Oblonga Morgan) is 
inhibited by fluoroacetate m low concentrations (1) As a matter of practical im- 
portance Gratch and coworkers (58) have reported that fluoroacetate in concen- 
trations used for rat poisonmg (approximately 2%) has no bactenostatic prop- 
erties against P peslts Therefore, it does not interfere wth cultivation of these 
organisms from the tissues of rats obtained by poisoning operations with fluoro- 
acetate 


B Active and Inactive Fluonnated Compounds 

As vanous monofluonnated compounds, almost exclusively ahphatic, were 
prepared and tested for toxicity, it became apparent that slight changes m 
structure were sufficient to abolish completely the dramatic fluoroacetate-hke 
activity In Table III the structures of a number of key compounds have been 
arranged under two columns “active” and “inactive ” (An “inactive” compound 
IS one which has httle pharmacological activity, or no more than might be ex- 
pected from the corresponding non-fluonnated compound, for example, 50 
mgm /kgm of 1-fluoropropanol have no effect on rabbits (see footnote 3) Cer- 
tam conclusions can immediately be made when such a tabulation is inspected 
The only active compounds are straight-cham compounds with an even number 
of carbon atoms in which one fluorine atom is substituted in a terminal position 
However, certam other requirements must be met Thus, FCHsCHjCl is mactive 
although FCHiCHjOH is very active, presumably because little conversion of 
— CHtQ to — COOH can occur m the body, whereas fluoroethanol, analogously 
to unsubstituted ethanol, can be rapidly oxidized to the correspondmg acetate 
m the body Fixation of the a and p carbons of y-fluorobutyrate m a methylene 
ring or loading the /3 carbon of 7-fluorobutyrate with one or two methyl groups 
results m inactivity On the other hand, 7-fiuoro i3-hydroxy butyrates are very 
active The conclusion is inescapable that compounds m the senes which cannot 
form the fluoroacetate ion directly or through biochemical alteration have no 
characteristic fluoroacetate activity This conclusion was understood in its 
essential features by McCombie and Saunders as early as 1943 (96) 

It does not necessarily follow, however, that the toxicity of compounds capable 
of for min g fluoroacetate tn vivo is due entirely to the formation of fluoroacetate 
There is evidence that y-fluorobutyrate, for example, exerts a toxic action per se, 
mdependently of any action exerted by the fluoroacetic acid which may be 
formed by the /3-oxidation of y-fluorobutync acid Indeed, the toxicity and 
pharmacodynamics of the two compounds are quite dissimilar, which would 
appear to be sufficient evidence fora difference m mechanism For example, prog- 
ressive cardiac failure without ventncular fibrillation is noted m rhesus monkeys 
poisoned with fluorobutyrate, and fluorobutyrate-poisoned rabbits manifest 
signs of parasympathetic stimulation which are not characteristic of fluoroacetate 
(29) In addition, Kalmtsky and Barron have shown that rabbit kidney cortex, 
at least, does not convert fluorobutyrate to fluoroacetate and that the effects 
of the two agents are distmctly different (78) 


TABLE III ' 

Aeltpe and Inacttve Compounds 


(Data from 24, 25, 96, 108, 109, 110, 111, 112, 113) 


HUUBCI or 

CAIkOM U< 
LONOUT 

truicar 

nUOIIKATZO 

COAIS 

Acnv* 

IJUCTJVS 

1 

None 

F-COO C,H» 

F-CH, 

2 

FOH.COO 

, j 

1 FCH.CHO , 

FCHiCHiOH 

FCHtCN 

FCHiCONH, 

FCH.COF 

FCHiCOCl 

F 

F 

F 

\ 

CHCOO- 

/ 

Cl 

FCH,CHr-0— CHiCHjCOOH 
FCHjCHjCl 

CICH.COF 

FCH,CH:SO,Cl 

3 

None 

FCHjCHjCHjOH 

CH.CHFCOO CH, 

4 

FCH,CH.CH,C00(|^’^^ 

FCHiCHOHCHCOO CH, 

FCH.CH=CHCOO 

CH.CH.CHFCOO CH, 
FCHr-CH-CH-COO CH, 

/ \ 

HC — CH, — CH 

\ / 

CH— CH 

CH, 

/ 

FCHr-CH-CHiCOO Cja, 

\ 

CH, 

6 

None 

FCH,CH,CH,CH,COO R 

6 

FCH>CH,CH,CH,CH,COO R 


7 

— 

— 

3 

FCHi(CH,),COO R 

— 

9 

— 

— 

10 

FCH,(CH,),COO R 

— 

11 

None 

FCH:(CH,),COO R 

12 

FCH,(CH,),o COO R 
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On the other hand, 7 -fluorocrotonic acid does not appear to have any quah- 
tative action in the intact animal different from that of fluoroacetate This may 
be related to an mcreased ease of oxidation at the double bond, so that fluoro- 
crotonic acid perhaps exists as such for a very much shorter time than does 
fluorobutyric acid The greater toxicity of fluorocrotonate may be related to the 
greater ease with which it penetrates to the active area Fluoroethyl fluoroacetate 
(FCHjCOO CHjCHjF) is about as active as fluoroacetate on an equimolar basis 
(111), but it acts much more quickly, this suggests an mcreased rate of cellular 
penetration (29) 

Fluoroacetyl salicylic acid (110) may be cited as another example of a mole- 
cule which has an action not to be expected from the sum of actions of its 
groupmgs It 13 as toxio to mice as fluoroacetate on a weight basis (compare acetyl- 
sahcyhc acid) , yet the characteristic action of fluoroacetyl sahcyhc acid is de- 
pressant rather than convulsant as would be expected if deacetylation with the 
liberation of fluoroacetate occurs m a manner similar to that described by Smith 
(120) for acetylsalicyhc acid 

It appears that a fluonnated compound must have a structure capable of par- 
tially, but not completely, mimickmg a natural metabohte if it is to be highly ac- 
tive pharmacologically Factual evidence favonng this attractive interpretation 
of the data of Table III will be presented m Section TV The senous consequences 
of such imperfect numiciy will be discussed m Section HI 

m KESPONSES OP ORGANISMS TO PLUOROACETATES 

The majority of studies of a pharmacodynamic character have been made with 
methyl or sodium fluoroacetate Some work has been done with fluoroethanol, 
but httle beyond the determination of toxicity has been done with most of the 
other two-carbon analogs There has not been a comparable amount of work with 
the four- and six-carbon compounds and it is possible, although not probable, 
that some modification of the conclusions concernmg these compounds may be 
necessary m the future. 


A Absorption 

The fluoroacetate compounds are all absorbed to some extent from all sites of 
apphcation, although the lower members of the senes are irregularly absorbed 
though the skm Thus, apphcation of methyl fluoroacetate m doses of 100 
mgm /kgm to the plucked skm of gumea pigs causes no poisoning according to 
Foss (52), although Saunders and Stacey (110) report an LDjo of 20 mgm /kgm 
for methyl fluoroacetate placed on the cbpped back of rabbits The longer cham 
compounds and higher esters appear to be more readily absorbed, for example, 
2-ethyl hexyl fluoroacetate on the shaved ear of a rabbit is lethal m 6 to 10 hours 
at a dose level of 10 mgm /kgm (65) It is apparent that these compounds are 
not readily absorbed through the unbroken skm, but caution should be observed, 
especially when handlmg compounds hkely to be oil-soluble 

Absorption through the pulmonaiy epithelium is veiy efficient m the case of 
the members of this senes studied so far, and absorption of dusts of sodium fluo- 
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roacetate is equally effective (110) It is sufficient to point out that such data as 
are available indicate the same degree of tovicity for these compounds when 
thej"^ are inhaled as the esters as vhen they are mjected as sodium salts For ex- 
ample, Saunders and Stacey (110) haie reported an LCso m rabbits for methyl 
fluoroacetate of 0 1 mgm /I (10-mmute eitposure) This corresponds roughly to 
their mtrai enous LDso of 0 25 mgm /kgm 

There is no notenorthy difference between the toxicities of orally, subcuta- 
neously, mtramuscularly, mtrapentoneally or mtravenously admmistered methyl 
or sodium fluoroacetate (30, 93, 129) Very shght differences observed m the 
unexpected direction of an mcreased taxicity after oral administration (30) 
are probably not significant Buckle, Pattison and Saimders (25) caution that 
methyl fluoroacetate is less toxic when injected subcutaneously m propylene 
glycol than m sodium chlonde solution Because of (1) solubihty, (2) stabihty 
and (3) the long latent penod before sj mptoms can be produced, which allows 
time for absorption, it may' be concluded that there is no important difference 
between any non-percutaneous route of admimstration This is an imcommon 
occurrence m pharmacology 

B Distribution in Body Tissues 

Knowledge of the distnbution of fluoroacetate is largely inferential m ongm 
It might be assumed that the readily' water-soluble sodium or methyl fluoroace- 
tate would be distnbuted fairly evenly throughout body water Recently, Ramsey 
and Chfford usmg their method for the determination of fluoroacetate, have 
presented data on orally poisoned rats (7 mgm /kgm ) which mdicate an even 
distnbution of fluoroacetate between the bram, heart, hver and kidney Now 
that a method capable of detecting small amoimts of fluoroacetate m animal 
tissues IS available, it would be extremely desirable to ascertam whether the 
distnbution of fluoroacetate is different m those species m w’hich the heart or 
central nervous system is pnmanly affected In this connection one experiment 
might be cited Two dogs of approximately equal weight ate equal portions of 
heart muscle or skeletal muscle from a poisoned horse and were apparently 
capable of differentiatmg the amoimt of available fluoroacetate masmuch as the 
dog eatmg the heart muscle died (53) It is common for domestic nnimals eatmg 
poisoned rats to be killed by the fluoroacetate still present m the rat (114) 

C. Detoxication and Excretion 

Observations that animals may be killed by the fluoroacetate remainmg un- 
altered m poisoned animals or excreted unchanged m the unne (106) suggest 
that fluoroacetate is not changed m the body to any important extent Urinary 
excretion is the only route so far demonstrated for the removal of the poison 

Although cu mul ation does occur (52, 105), it is not an outstandmg character- 
istic of this poison Administration of one half to one fifth of an LDioo daily will 
usually' result m acute symptoms m 3 to 10 days, but if 3 days elapse between 
doses, repeated ad minis tration can be earned on mdefimtely (52, 99) This sug- 
gests that elmunation of that portion of the administered dose which was actually 
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exerting a toxic action is accomplished m about 24 hours One may infer that at 
least some en2yme-fluoroacetate combinations are reversible 

D Developmmt of Tolerance 

Tolerance to mcreasmg doses of fluoroacetate has been demonstrated m the 
mouse and rat (35, 105, 127) and possibly exists m the rhesus monkey (37) , but 
it could not be produced m the dog or rabbit (35, 37) Like cumulation, the de- 
velopment of tolerance is not a characteristic feature of the drug’s action The 
phenomenon is mterestmg, however, not only m its species specificity but also 
in its temporal and quantitative aspects Rats receivmg 0 5 mgm /kgm (LDio) 
by any route become largely resistant to the effects of 5 0 mgm /kgm (LD76 for 
this strain) within more than 4 hours and less than 24 hours, this resistance lasts 
about 48 hours It extends only partially to slightly higher challenging doses, and 
the ratio of doses cannot be extended, ammals sumvmg 5 mgm /kgm (with 
symptoms) aie as sensitive as controls to 15 mgm /kgm on the foUowmg day 

Dunng the period of protection after 0 5 mgm /kgm , there is an mcrease m 
the abihty of the rat to acetylate p-aminobenzoic acid This may reflect partial 
inhibition of acetate turnover, resultmg m the accumulation of a larger amount 
of acetate available for acetylation of foreign ammes Such an accumulation of 
acetate may also exert a protectiv'-e action agamst a subsequent and larger dose 
of fluoroacetate (see sections III, IV) 

E Latent Period 

All students of the actions of fluoroacetate have been impressed with the un- 
usually long and vanable latent penod between the administration of the drug 
and the development of the characteristic response This latent penod occurs 
in all species so far studied, foUowmg mtravenous mjection Apphcation of con- 
centrations of the methyl ester or the salts of fluoroacetic acid, equivalent to 
those existmg m an mtact ammal poisoned with an LDjo, to the isolated heart 
and gut of the rabbit, the exposed bram of dogs, rabbits and monkey, or in intro 
to enzyme preparations usually produces no immediate changes m the behavior 
of the organ or system There is ordinarily no difference between these two agents 
except m the case of the isolated frog nerve preparation which Boyarski, Postel, 
Rosenblatt and Gerard (18) have found utterly refractory to the sodium salt but 
sensitive to the methyl ester Although isolated mtact frog muscle is more 
sensitive to the ester, the sodium salt is not inactive on this preparation (39) 

To illustrate the latent penod, data taken from current research m this lab- 
oratory may be used An LDjs of sodium fluoroacetate (0 5 mgm /kgm) m- 
jected mtravenously m white rabbits requires 125 mmutes (STl ± 12 7) to 
cause ventncular fibrillation and death Symptoms of poisomng are not detect- 
able for at least one-half hour after administration of the fluoroacetate Increasing 
the dose to 25 or 250 mgm /kgm will shorten the latent penod to 20 mmutes 
but cannot provoke the immediate responses characteristic of many drugs 
Doses of the order of an LDto may cause symptoms of poisomng and death of an 
occasional anunal 48 hours or longer after administration 
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The four-carbon compounds, 7 -fluorocrotonate or the fiuoroethyl ester of 
fluoroacetic acid, are more to-ac than fluoroacetate and have a distmctly shorter 
latent period For example, mtravenous mjection of an LDso-ioo of sodium 
fluorocrotonate (0 3 mgm /kgm ) kills rabbits in about 60 minutes Incomplete 
data mdicate that dogs are very little more sensitive to fluorocrotonate m terms 
of the dose requirement but that the latent penod for an LDiaa (0 1 mgm Agiu ) 
13 markedly shorter (approximately 90 mmutes) than the 273 (SJE ± 73) mm- 
utes for a correspondmg LDiao of fluoroacetate (0 1 mgm /kgm ) Ex-penences 
of this nature suggest that the latent penod can be shortened by mcreasmg the 
cham length, thereby mcreasmg the hpid solubihty as well as decreasmg disso- 
ciation, and thus facihtatmg cell penetration No information is yet available 
on the latent penod associated with the long cham compounds studied by 
Saundere (25, 109), although they are much more toxic than fluoroacetate It 
has been shoTsm (15) that the effectiveness of 2 X 10~® M sodium fluoroacetate 
m decreasmg the oxygen consumption of yeast is greatly mcreased by a low pH 
of the medium, a condition which increases the number of undissociated fluoro- 
acetic acid molecules This has also been found to be true of lodoacetic acid (3) 
In fact, undissociated molecules of acids are generally credited with bemg the 
form which actually penetrates cells (63) 

The latent penod m rabbits between the administration of sodium fluoroace- 
tate and the onset of ventncular fibrillation or convulsions can be appreciably 
shortened by the pnor administration of large amounts (approximately 1 gram/ 
kgm ) of sodium bicarbonate, fumarate or chlonde, but it cannot be ehmmated 
entirely (36) The recent work of Hyde, Heckett and Gellhom (71) has shown 
that certam agents facihtatmg cholmeigic transmission potentiate many con- 
vulsant drugs In mice, small asymptomatic doses of neostigmme (0 25 mgm / 
kgm ) greatly shorten the latent penod of fluoroacetate (20 mgm /kgm ) m- 
duced convulsions, but do not eliminate it entirely The decrease is to about one 
fifth of the control penod (37) Neostigmme produced no change m the latent 
penod when administered with fluoroacetate to dogs or rabbits There does not 
seem to be any satisfactoiy explanation of these observations at present 

The latent penod associated with fiuoroacetates can probably be considered 
the result of at least two major factors ( 1 ) the ability of the vanous fluonnated 
compounds to penetrate the cell, and ( 2 ) the time required for disruption of 
intracellular processes to become manifest as gross organ dysfunction, m pnnciple 
this second factor os veiy similar to that which accounts for the latent penod of 
ins ii lin -mduced convulsions The future will decide which of the two factors is 
the more important 

F Effect upon Intact Animals (SO, 68, 63, 93, 105, 129) 

The directly observable effects of an mjection of sodium or methyl fluoroace- 
tate, or fluoroethanol, m unanesthetized animals differ m many respects de- 
pending upon the species of anitoal employed (see Table II) They have been 
most frequently observed m rabbits, dogs, monkeys and rats, and these species 
seem to encompass the major variations m types of response 



398 


AIATNABD B CHEXOWETH 


a) Rabbit (Cardiac) After an intravenous injection of sodium fluoroacetate 
(0 5 mgm /kgm ) in white rabbits, no change in the animal is discernible for 
about one-half hour The first effect noted is usually a weakness of the neck and 
front legs and a decrease m activity This state may progress to a marked extent 
but usually remains moderate until the occurrence of a sudden, violent convul- 
sion of a dome nature, typically associated with a cry Opisthotonus, mydnasis 
and blanchmg of the retina rapidly develop, followed by progressive relaxation, 
a few gaspmg respirations and death If the thorax be opened immediately, the 
aundes are found to be beatmg and the ventndea usually fibnllatmg Occa- 
sional repeated convulsive bouts are always found to be the result of cardiac 
syncope, when the animals are carefully followed electrocardiographically (30) 
Fluorobutyrate causes considerable peristalsis and defecation m rabbits, a re- 
sponse not notable with the fluoroacetates Except for the greater speed of ac- 
tion, fluorocrotonate is quahtatively indistmguishable from fluoroacetate. 

b) Dogs (Cental nervous system) The onset of fluoroacetate-mduced effects 
(usually 4 to 5 hours after 0 1 mgm /kgm ) m the dog is heralded by a few min- 
utes of barkmg and howhng, “absence” (non-recogmtion of human presence), 
actions suggestive of fearful hallucinations, hyperactivity and finally a tome 
spasm followed quickly by runmng movements Tonic spasms and ninmng 
movements may alternate or even completdy cease, and the dog may appear 
normal at tunes, but ultimately the repeated anoxic assaults on the respuatory 
center dunng convulsions result m respiratory paralysis The heart is often 
markedly slowed dunng convulsive seizures but rardy ceases activity until 
some time after the respiration has ceased Death is typically the result of the 
effects of repeated and prolonged convulsions on the respiratoiy center, and 
never primarily cardiac m ongm 

c) Man and rhesus monkey (Mixed response) Although cats and pigs are 
perhaps more typical of the “mixed response" type of species (see 30), the rhesus 
monkey is of greater mterest because such data as have been accumulated by the 
reviewer (through the most diverse channels, see also (62)) indicate that the re- 
sponse of adult man to fluoroacetate may be identical with that of the rhesus 
monkey Children appear to be more prone to myocardial failure than to ven- 
tncular fibrillation as the terminal event, but, m general, they are very similar 
to the rhesus monkey in their responses to the poison 

As m man, m whom it may prove a diagnostic problem, the convulsive seiz- 
ures due to fluoroacetate poisonmg m the rhesus monkey are stnkmgly epilepti- 
form One or two hours after admmistration of the poison the ammal may vomit 
and becomes apprehensive and seclusive (“The first mdication of poisonmg m 
pinn IS the onset of epileptiform convulsions after an mitial penod of nausea and 
mental apprehension” (62) ) A few mmutes later, actions suggestive of auditory 
hallucmations are followed immediately by nystagmus Twitchmg of the facial 
muscles, often unilateral, heralds the onset of the convulsive seizure It quickly 
spreads to mvolve the pmnae and the masseter muscles Spread of the convulsive 
activity over the rest of the body is then veiy rapid, endmg m a jerlang, sym- 
metncal convulsion m which the spasmodic, molent jerks may occur at a rate of 
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3 per second Tome components are seen but do not dominate the pattern as 
they do m the dog The animal is apparent!}' unconscious dunng this penod, but, 
as the seizure passes off, it mil gradually attempt to regam its feet and ulti- 
mately does so about 30 mmutes after the onset of the attack The monkeys 
appear depressed for some time but often recover entirely from the convulsion 
A complete second seizure is infrequently seen Generally, the animal becomes 
weaker over the penod of the next few hours (see cardiac status), but is often 
standmg or otherwise ecertmg himself when suddenly stneken by ventncular 
fibrillation and death Spontaneous recoveiy from ventncular fibnllation in the 
monkey is uncommon 

d) Rats (Depression) Although commlsions of a tome nature, preceded by 
one- or two-hour penod of decreasmg activity associated with hypersensitivity 
to mctemal stimuh, are the usual result of the mjection of 5 mgm /kgm of so- 
dium fluoroacetate m rats of unspecified ancestiy, death is the result of respira- 
toiy depression which gradually occurs long after convulsive activity has de- 
creased or entirely ceased Very large rats (over 400 grama) occasionally develop 
ventncular fibrillation, but, as rmght be expected from the general expenence 
with fibnllation in Rmall animals, this is uncommon Some of the confusion m 
reports from different laboratones may be explamed by a recent observation of 
the effects of the same dose of fluoroacetate m two strains of albmo rats Male 
Vfistar rats received directly from the Wistar Institute convulse only occaaon- 
ally and die after a penod of respiratory depression lasting 5 to 24 hours Com- 
parable male rats of the Sprague-Dawley stram received duectly from their 
stocks uniformly develop convulsions withm 1 or 2 hours after mjection and 
continue to convulse m a manner veiy similar to the dog Death occurs m 4 or 
5 hours (37), Although superficially these rats are identical. Anker (4) has dem- 
onstrated a very stnkmg metabohe difference which wil' oe discussed later. 

Eats which have survived an LDeo of fluoroacetate for 24 hours differ from 
most species (which are usually completely recovered m this time if they are to 
survive at all) m that they are still markedly affected Dismchnation to move is 
immediately apparent and is probably caused by a gross mtention tremor which 
appears when the animal is forced to move An extreme bradycardia can be de- 
tected by palpation or electrocardiographically (31) Complete recovery, if it is 
to occur, usually results withm 48 to 72 hours after poisonmg Thiamme and 
atropme have no effect on these phenomena, but the tremor is temporarily quite 
exaggerated by diphenhydramme m doses that do not affect normal rats (37) 
e) Special responses m various species Ward and Spencer (129) noted emesis 
as a stnkmgly characteristic and early symptom of fluoroacetate poisonmg m 
several species of camon-feedmg hawks and owls Judged from the nature of the 
a nima ls this is not surprising, nor does the profound sweatmg noted m poisoned 
horses by Fnck and Boebel (53) appear unusual Watt and Breyer (131) record 
that s3Tnptom3 of poisonmg m cattle which have eaten ‘‘Gifblaar” can be de- 
layed by withholdmg water from the animal, a pomt of some theoretical and 
practical mterest, and animals which recover are exceedmgly thirsty In this con- 
nection it IS known that frogs aliened to imbibe water through their skm after 
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poisoning, Avhich they do to the extent of a 50% iveight gam, die more quickly 
than those kept dry (99) Mice are often anunc despite large amounts of paren- 
teral fluids associated with therapeutic measures (70) 

G Effect on Specific Systems 

a) Cardiovascular The actions of fluoroacetate upon the cardiovascular sys- 
tem have been studied most extensively by Chenoweth and Gilman (39) who 
published a number of plates illustratmg some of the phenomena descnbed below 
In general, most if not all the changes m the circulatory system produced by 
fluoroacetate can be explamed by the action of the poison upon the heart itself, 
extracardiac effects, if present, are masked by the magnitude of the cardiac 
events There is frequently a slight and transitoiy nse m mean arterial pressure 
which does not long persist It is blocked by atropme and has been related by 
Foss (52) to the nicotme-hke action of laige doses of fluoroacetate However, the 
general pattern m one of declinmg blood pressure (31, 105) Failure of the myo- 
cardial contractile power is steady and has been demonstrated m isolated heart- 
lung, perfused heart and papillary muscle preparations (31) as well as by direct 
inspection (105) 

Constnction of the coronary artenea does not appear to occur and is certainly 
not the pnme cause of the cardiac irregulanties Dunng the course of poisomng 
no changes m capillary permeability to protem-bound dyes or m hemoconcentra- 
tion, as indicated by hematocnt readmgs, have been observed (31) An elevation 
of hemoglobin levels m the goat has been ascnbed to splemc contraction (52). 
As the heart decreases m contractile power it loses the ability to elevate the blood 
pressure m response to epmephnne or to compression of the descending aorta 

The development of numerous arrhythmias is apparent even on routme ky- 
mography, but the bizarre changes which occur can only be appreciated by elec- 
trocardiography, preferably by some technic permittmg contmuous visuahza- 
tion of the rapidly fluctuatmg changes There appear to be differences even 
among cardiac-sensitive species m regard to the types of changes noted m the 
heart Common to all, however, is a notable elevation m the amplitude of the T 
wave, although this perhaps most marked m the monkeys Progressive downward 
shifting of the pacemaker was seen m the horse, goat (31) and sheep (105) and 
the electncal signs of activity m the auncle often disappeared Prolongation of 
the P-R interval m the progressive fashion descnbed by Wenckebach was espe- 
cially marked m the goat, but was also seen in the cat In direct opposition to 
this, the rhesus and spider monke}^ showed no changes m auncular activity nor 
m aunculo-ventncular conduction 

Ventncular premature contractions are seen m nearly all species and are es- 
pecially promment m the rabbit and monkeys where they occur at first m a 
pecuharly systematic fashion (1 2, 1 4, etc ) Shiftmg alternation of the cycle 
length, QRS voltage, T wave height, shape, direction or take-off is very marked 
m the 'monkey and is often not predictably related to a pulsus allemans The 
alternation of the pulse extends ultimately to a uniform 60% pulse deficit This 
has also been reported m at least one fatal human poisonmg Ventncular fibnl- 
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Jation may occur at any tune, but usually when the heterotopic ventncular ar- 
rhythnuas are prormnent, it appears to be initiated by mechanisms similar to 
those descnbed by Wiggers for electncally-induced ventricular fibrillation The 
occurrence of auncular fibrillation has not been noted in any species 

The actions of fluoroacetate upon the sensitne mammahan hearts are directed 
toward decreasing contractile power and disorganizing conduction and excitation 
Failure or fibnllation as the end result is a manifestation of the relative impor- 
tance of these effects indifferentspecies It is not known that these effects are all 
the result of the same action of fluoroacetate, but it may be recalled that the 
specialized conduction tissue of the heart is contractile muscle tissue as well, 
suggestmg that only a smgle action may be involved There appears to be no re- 
lation between the gross amount of Purkinje tissue m the various species (56) 
and the development of conduction defects 

b) Nervous syslem The magmtude of the duect effects of fluoroacetate upon 
the nervous system of sensitne species is apparent upon inspection of a poisoned 
animal It must be emphasized that anoxic convulsions arising from cardiac 
syncope, such as ventncular fibrillation (in the rabbit, for mstance), should not 
be confused with convulsions resultmg from a per -prtmum action of fluoroacetate 
upon the central nervous system, such as occurs m the dog As mdicated m Table 
n, both types of convulsions may occur m some species This section will deal 
exclusively with seizures ansmg from a direct effect of fluoroacetate upon the 
nervous tissue The pattern of these convulsions m mtact ammals has been de- 
scnbed m section III F With the exception of the remarkable sumlanty of 
fluoroacetate-mdnced convulsions m rhesus monkeys and m man to a grand mal 
epileptic seizure, the gross character of the convulsions m other species is not of 
great mterest 

The regions of the central nervous system affected by fluoroacetate do not 
appear to be veiy sharply circumscnbed Studies on penpheral nerve have been 
earned out for the purpose of elucidating the mechamsm of action of fluoroace- 
tate, and will be discussed m section IV The spinal cord can be shown to be 
sensitive (a) by local apphcation of fluoroacetate to the cord (34), with convul- 
sive activity developing m a discrete area, (b) by the occurrence of convulsions 
below the level of a cord transection followmg an mtravenous mjection (34), 
and (c) by experiments m spinal and decerebrate cats (52) It usually requires 
supralethal doses to demonstrate mvolvement of the cord and it is probably of 
no importance m the intact ammal Cunously, spinal rhesus (?) monkeys twitch 
after 100 mgm /kgm of methyl fluoroacetate but do not convulse (52^. Reflexes 
mediated through the spinal cord of the cat are accentuated in the first few 
minutes of fluoroacetate-mdnced activity, but convulsions soon mtervene and 
make further study impossible (52) 

Recordmgs of the electneal activity of the bram, either directly from the 
bram surface or from the calvanum, of curanzed or anesthetized animals have 
been made by Ward (126) and by Chenoweth and St John (34) Usmg cats. 
Ward found that large doses of sodium fluoroacetate (2 0 mgm /kgm , 10 times 
the LDioo) injected mtravenously or into the lateral ventricles produced marked 



402 


M^IWRD B CHENOWETH 


increases m electrical actnity of subcortical areas, particularly the thalamus 
and hypothalamus A high frequency, rather low amphtude activity was found 
TO be particularly characteristic of the thalamus, while bursts of slow waves of 
a 3 to 8/sec frequency m the corte'? were noted which were synchronous with 
the envelope of the fast spikes of the thalamus Slow wave activity of the hypo- 
thalamus was not regularly reflected m the cortex 

When smaller mtravenous doses of fluoroacetate (i to 2 times the LDioo) were 
administered to dogs under similar conditions, Chenoweth and St John found 
an mcreased frequency and amplitude of waves recorded from temporo-panetal 
and occipital regions of the cortex but relatively httle change m activity of 
frontal areas or cerebellum Local apphcation of fluoroacetate, either as the 
sodium salt or the methyl ester, resulted m relatively local changes m activity 
w hich spread so slowly as to suggest the probabihty that diffusion of the poison 
rather than pnmary radiation of the electncal activity was the cause of the m- 
creased mvolvement They have stressed the apparent similarity of the spike 
and dome pattern often seen dunng the action of fluoroacetate to the electro- 
encephalographic pattern of chmcal petit mot epilepsy 

Electrical activity of the cortex reaches very high potentials during fluoroace- 
tate poisoning but it can be obhterated by barbiturates and anticonvulsants 
(34) as well as by narcotic concentrations (9) of carbon dioxide (126) The sensi- 
tivity of rata to electncally-induced convulsiODfl is mcreased about ten times by 
fluoroacetate (52) The apparent potentiation by neostigmme has been men- 
tioned 

Rabbits poisoned by mtravenous mjections of fluoroacetate never reveal any 
electroencephalographic abnormahties until ventncular fibrillation occurs, but 
their bram tissue is not entirely resistant to fluoroacetate for convulsions typical 
for the dog can be mduced m rabbits by the administration of sodium or methyl 
fluoroacetate directly mto the cerebrum This is, m a sense, a corollary to the 
observation that dogs prepared for electroencephalographic recordmgs under 
curare and artificial respiration occasionally develop ventncular fibrillation many 
hours after large doses of fluoroacetate, s fact mdicatmg that the dog heart is 
not completely resistant to fluoroacetate (34) 

c) Other systems Because death from acute fluoroacetate poisomng is the re- 
sult of cardiac or respiratory arrest m a relatively short and unpredictable penod, 
there is httle opportimity to observe changes m systems other than the heart or 
nervous system The actions of fluoroacetate are probably exerted upon nearly 
all actively metabohzmg tissues of the body, but the effects are diflicult to 
demonstrate tn mvo 

Skeletal muscle may be directly affected, notably in rabbits m which there is 
early head-drop and fore-limb weakness, these effects do not seem to be pn- 
manly the result of the lowered blood pressure, although the pomt has not been 
proven Frog skeletal muscle is affected by fluoroacetate w miro (38, 39) Con- 
tractions of isolated rabbit intestine are depressed by concentrations of soium 
fluoroacetate of the magmtude presumed to exist in animals poisoned with an 

LDioo (50, 132) 
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Although kidnej' tissue is obviously very sensitive in vitro (see Section IV), 
renal dynamics do not seem to be much affected in vivo Himwich el al (62) 
noted an msigmficant decrease m glucose Tm m chromcally poisoned dogs, but 
cumulation of the poison occurred and convulsive death precluded the develop- 
ment of senous kidnej’ malfunction In 5 chromcally poisoned cats (0 1 mgm / 
kgm per day), with deaths at 3, 8, and 10 days and two survivors, high blood 
non-protein mtrogen lev els of 134 and 120 mgm % were noted m two cats at 
8 and 10 days, respectively, this suggests defimte renal damage (99) 

Overall hepatic status is difficult to assess under any circumstances A cur- 
rently popular test of at least one function is the duration of anesthesia mduced 
by short-actmg barbiturates m laboratory animals It has become apparent m 
recent studies m this laboratory that m fluoroacetate-poisoned animals there is 
a very great prolongation of the anesthetic effects of sodium thiopental, sodium 
pentobarbital, sodium phenobarbital and possibly even sodium barbital The 
effect 18 not permanent, and the return to a normal duration of anesthesia is 
complete in less than a week This has been observed m mice, rabbits, dogs and 
a rhesus monkey It appears likely that it is the result of fadure of the fluoro- 
acetate-inhibited hver to detovify these barbiturates, smce the response to them 
IS prolonged m proportion to the degree to which hepatic detoxication is be- 
lieved to be important in their ebmmation Studies on this and several related 
phenomena are currently m progress 

H Pathological Changes 

a) Anatomical The histopathologic changes m fluoroacetate poisomng have 
not been descnbed at length, perhaps because they do not contnbute much to 
an understandmg of its action They appear to be largely the result of progres- 
sive cardiac fadure with congestion of the abdominal viscera and lungs (52, 
105) In the chicken there may be generalized petechial hemorrhages, especially 
noteworthy m lungs and ovanes (42), but this phenomenon appears qmte 
specific for this species Ordinary pathological studies do not seem to have been 
especially helpful m this field, nor are they likely to be so m the future 

b) Biochemical Changes m the blood and tissue levels of various metabohtes 
have been studied m a number of species of animals poisoned with fluoroacetate 
A consistent mcrease m blood glucose levels, occasionally to 400 mgm /lOO cc , 
has been reported m rabbits (94) and goats (52) Kxcretion of glucose m the 
urme may be expected to follow such a nse m blood sugar and does commonly 
occur m poisoned animab Possibly some of the extra glucose m the blood is 
denved from hver glycogen smce it has been found that poisoned rabbits have 
a marked reduction m hver glycogen (94) Lactic acid blood levels are elev ated 
m poisoned rabbits (94, 95, 99), but it is exceedmgly difficult to define the exact 
significance of such a change Pyruvuc acid blood levels nse and the lactate 
pyruvate ratio is also increased (94) Preliminary experiments have mdicated 
recently that blood and urme levels of acetic acid are elevated in dogs (37) 

A considerable and rapid nse m serum morgamc phosphate has been reported 
in goats (52) and rabbits (95) Some of this phospliate may come from muscle 
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because rabbit heart muscle shows a marked decrease m total acid-soluble phos- 
phorus and organic phosphorus (95) Plasma levels of other unportant electro- 
lytes are found to be elevated, particularly just before death occurs Foss has 
reported changes m plasma potassium from control levels of 17 mgm /lOO cc to 
25 mgm /lOO cc after poisomng has progressed (52) Others report minor in- 
creases m potassium and calcium (95) These electrolyte changes are probably 
nonspecific and reflect the morbidity of cells weakened by an attack at some 
other pomt, similar electrolyte alterations occur under many conditions 

IV THE INTIMATE MECHANISM OF ACTION 

A great deal of illumination has been east upon the manner m which a dose 
of a fluoroacetate compound bnngs about the death of an ammal Having been 
assured that the heart or central nervous system is ultimately disabled by 
events familiar to pharmacologists, one may properly mquire, “How do these 
events come about”? Indeed, this is currently the most interesting aspect of the 
fluoroacetate problem 

There is no longer any reason to beheve that fluoroacetate is m any way 
pharmacologically analogous to lodoacetate, although this was a natural a pnm 
assumption The behavior of poisoned animals, the chemical character unrelated 
to lodoacetate and the failure of low concentrations to inhibit significantly any 
system sensitive to lodoacetate seem sufficient reasons to discard this concept 
entirely In addition, even though the chemical nature of fluoroacetate suggests 
no basis for the assumption that fluonde ion might be spht off and be the cause 
of the toxic action of fluoroacetate, the actions of the fluonde ion are entirely 
different from those of fluoroacetate One must of necessity conclude that the 
fluoroacetate ion exerts its action as such and not because of any obvious chemi- 
cal reactions with it or because of toxic breakdown products 

Bntish ^workers have succmctly summarized them earher efforts to identify 
the systems attacked by fluoroacetate as follows “No enzyme system has been 
found which is inhibited to any extent by methyl fluoroacetate” (96) In a most 
important commumcation in 1947 descnbmg work earned on m 1944, Bartlett 
and Barron (12) have reported experiments on the metabolism of animal tissues 
from which they conclude that, “Fluoroacetate probably acts by inhibiting the 
formation of “active” acetate (the so-called Ca compound, which may be an 
acetyl denvative or an acetate radical)” Because of the importance of this pro- 
vocative conclusion, it is appropriate to review the observations upon which it 
IS based as well as some experiments which do not justify this conclusion 

A Tissue Slices, Homogenates and Microorganisms 

It was found that 0 001 to 0 2 M fluoroacetate decreases the oxygen uptake 
of tissues Tissue sbees from rats monbund after an LDio of fluoroacetate were 
found to oxidize acetate 20 to 30% less vigorously than control slices The de- 
gree of inhibition of acetate oxidation could be mcreased by adding fluoroacetate 
to normal tissues in viiro, inhibitions as great as 90% occurred m heart sbees 
after 0 005 M fluoroacetate was added This inhibition might be mterpreted as 
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occumng pan passu with cellular morbidity except for the fact that the inhibi- 
tions of Oj uptake of guinea pig bram (which does oxidize acetate and does 
convulse) and of rabbit bram (which does not oxidize acetate and does not 
ordinarily convulse) were found to be 53% and 11%, respectively 
Experiments were then performed to ascertam the mechamsm of acetate 
blockade and several known routes of pyruvate and acetate metabolism were 
tested (1) Pymiate-^ acetate The oxygen consumption of kidney shces m the 
presence or absence of pyruvate nas decreased to about the same extent (60%) 
by 0 01 M fluoroacetate, yet m the presence of pyruvate, which apparently was 
oxidized, acetate accumulated It is apparent that the further oxidation of this 
acetate had been inhibited (2) Aceloacetate acetate The utihzation of aceto- 
acetate by rat kidney shces was completely inhibited by 0 02 jM fluoroacetate 
Conversely, the formation of acetoacetate from acetate was accelerated by 
fluoroacetate and this was still further increased as the proportion of oxygen m 
the gas phase was mcreased, reachmg 233% of normal m pure oxygen One may 
mfer from this that acetoacetate is converted in loto to acetate, the further 
oxidation of which is inhibited so that acetate accumulates as the end-product 
of the reactions glucose — > pyruvate acetate and forces the reaction acetate 

— + acetoacetate (3) Pyruvate — » acetate — » succiJiate The formation of succinate 
from pyruA’ate was 77% inhibited by 0 02 M fluoroacetate Smce none of the 
mdividual reactions of the Krebs’ tncarboxyhc acid cycle was found to be af- 
fected by fluoroacetate (see also (84) for a statement of disagreement), this may 
be mterpreted to mdicate that pyruvate enters the Ehebs’ cycle m large part 
through acetate and not directly, (4) Other reactions Pyruvate and lactate 
formed by deammation of alanine accumulate m rat kidney shces m the presence 
of fluoroacetate, a fact that might be readily predicted if it were established that 
oxidation of pyruvate through acetate is inhibited Glucose metabolism is di- 
rected toward lactate (aerobic glycolysis) to the extent of nearly one half, but 
the anaerobic utihzation of glucose is completely unaffected m kidney shces 
Aerobic oxidative synthesis of carbohydrate from pyruvate and acetate is mark- 
edly inhibited by fluoroacetate, this fact suggests that, as the entry of acetate 
into Krebs’ <ycle is inhibited, this cycle may be a pathway for the synthesis of 
carbohydrate from pyruvate and acetate Anaerobic conversion of pyruvate to 
lactate and acetate was not affected (see also 28) (5) Acetylation of foreign 
amines The acetylation of sulfanilamide and of p-ammobenzoic acid by rabbit 
hver shces was mcreased by 0 02 M fluoroacetate (This has been confirmed in 
VIVO m rats and rabbits (37, 123) ) The chemical reaction of acetylation is not 
affected, formation of acetylchohne from chohne m the presence of glucose or 
pyruvate is not affected by 0 02 M fluoroacetate (see also 85) Therefore, it 
may be assumed that the mcreased acetylation of foreign armnes is the result 
of an inhibition of acetate metabolism m consequence of which more acetate be- 
comes available for acetylations 

Havmg been thus provided with a basis for the concept that fluoroacetate m- 
terferes with the oxidation of acetate m various nniTnAl tissues, Kalmtsky and 
Barron (77) studied the details of the phenomenon m baker's yeast and bacteria 
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The oxidation of acetate by baker’s 3 east uas 95% inhibited by 0 001 M fluoro- 
acetate (30% b} 0 00001 ]M), only 5% b3 0 001 M bromoacetate and not at all 
by 0 001 M chloro- and lodoacetate, the specificity of the reactions in\ohed are 
thus demonstrated Fluorobutyrate and fluorocrotonate (0 001 and 00a3 JI) 
had no inhibitory action at all The o\3’’gen uptake of yeast suspensions was 
nearh' completely inhibited by fluoroacetate added 15 minutes before acetate, 
and piactically unaffected when the two were added together Appreciable re- 
versal of such fluoroacetate-induced inhibition could be obtained bv adding 
higher concentrations of acetate (0 1 M) Additional evidence for the specificitj 
of the mhibition was obtained when it was found that acetate oxidation of 
specially washed yeast was completely inhibited by 0 00075 ]\I fluoroacetate 
while pyruvate oxidation was only 79% inhibited 

By the use of a different approach, it was reasoned that if fluoroacetate is a 
specific inhibitor of acetate oxidation there should be no immediate inhibition of 
the O3 uptake associated with the oxidation of ethanol to acetate through acet- 
aldehyde This was found to be the case, oxidation of ethanol by baker’s yeast 
in the presence of 0 01 M fluoroacetate progressed exactly as m the absence of 
fluoroacetate until the accumulation of unoxidized acetate affected the rate of 
oxidation of ethanol to acetate Less complete mhibition of acetate oxidation 
produces less block of ethanol oxidation. Black and Hutchens (15) found that 
0 001 M fluoroacetate did not completely prevent the continuation of ethanol 
oxidation through acetate 

The anaerobic dissimilation of pyruvate to acetate and formate by Escherichui 
coll was unaffected by 0 01 M fluoroacetate although the oxidation of pyruvate 
to acetate by this organism was defimtely inhibited Neissena gonorrheae does 
not dissimilate p3TUvate but does oxidize it directly to acetate This reaction is 
40% inhibited by 0 01 M fluoroacetate, 26% by 0 02 M acetate and 52% by 
both together 'These e-xpenments add emphasis to the view that inhibition of 
P3Tuvate oxidation by fluoroacetate is due to the accumulation of acetate, smce 
even acetate alone is shghtly inhibitory 

Quite different results were obtamed when another microoiganism, Coryne- 
bactenum creatinovorans, was studied An increase m the endogenous respiration 
of this organism was produced by both fluoroacetate and fluorobutyrate It was 
suggested that this is the result of diversion of cellular metabolism by fluoro- 
acetate toward oxidative pathways m a manner similar to that produced by low 
concentrations of 03 anide and azide Although acetate oxidation by this organ- 
ism was completely inhibited by fluoroacetate, fluorobut3Tate had no effect at 
all 

As was mentioned, the greatest inhibition of acetate oxidations (as measured 
by decreased Os uptake) by fluoroacetate occurred when fluoroacetate was added 
to the yeast some minutes pnor to the addition of the acetate substrate After 
two hours the inhibition apparently decreased considerably (as measured by m- 
creased O2 uptake), a fact which Kalmtsky and Barron interpreted os the mdirect 
result of the slow accumulation of citrate and its increasing movement mto t^ 
carboxyhc acid C3cle The same characteristic decrease of inhibition was noted 
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m the grotv th cim es of Tetrahymena geleii m a glucose but not m an acetate 
medium (48) A further study of the effect of fluoroacetate upon citrate fonna- 
bon Tvas later made by Kalnitsky (75, 76) TJsmg rabbit kidney cortex homog- 
enate, he found that not onlj fluoroacetate but banum and magnesium salts 
as well appear to mcrease the formation of citrate from axaloacetate The effect 
of banum and magnesium is the result of inhibition of citrate utihzation On 
the other hand, the shght inhibition of citrate utihzation (at fumarate? (84) ,vi) 
produced by high concentrations of fluoroacetate can only account for about 
60% of the accumulation of citrate m the presence of fluoroacetate It was con- 
cluded that the mcreased citrate content might be the result of the inhibition 
of acetate oxidation reflected through a senes of reversible reactions m a manner 
analogous to the effect of malonate on pyruvate oxidation 

Another approach to the problem of the greater inhibition of fluoroacetate on 
acetate oxidation by yeast when the fluoroacetate was added before the acetate 
was made by Black and Hutchens (15) Working m different laboratones, they 
confirmed the general fact that a more prolonged mhibition of acetate oxidation 
13 obtamed by aUowmg a longer penod to elapse between the addition of the 
inhibitor and the substrate They suggest that this is similar to the delay noted 
by Lynen (91) m starved yeast before acetate oxidation becomes vigorous and 
that it is the result of cellular depletion of certam substances found by Lynen 
to be essential for acetate oxidation m j'east Ethanol was found to be particu- 
larly efficacious m acceleratmg the oxidation of acetate b 3 ’’ yeast either untreated 
or pretreated with fluoroacetate 

When calculations of the oxygen consumption of yeast were made usmg the 
final rate after equihbnum has been reached, Black and Hutchens found that 
pyruvate oxidation is more sensitive to fluoroacetate than is acetate oxidation 
Because the delay m oxidmng pyruvate is less than for acetate, these workers 
decided that the earher conclusion of Kalnitsky and Barron that acetate oxida- 
tion 13 more sensitive than pyrui ate was the result of an error m technic Hutch- 
ens, McMahon and Podolsky (69) have recently reported that the inhibition by 
fluoroacetate salts of pyruvate-mduced oxidations m yeast depends on the pH 
of the medium However, inhibition of acetate-mduced oxidations m yeast and 
Chilomonas paramecium is mdependent of pH While this may have been one of 
the actual causes of differences m opmion concemmg the specificity of fluoro- 
acetate-mduced inhibitions m yeast metabolism, Hutchens et al find pjTUvate 
oxidation much more sensitive than acetate oxidation m the case of Chilomonas 
Although it 13 x'ery hazardous to change species m the middle of an argument 
about fluoroacetate, it can be pointed out m support of this that Buedmg (26) 
prox ed that in the filarial worm, Lilomosoides canmi, p 3 ’Tui ate oxidation is very 
much more sensitive than acetate In addition, he stated, “No ex idence has been 
obtamed that fluoroacetate inhibits the respiration of the filanae because of a 
competitive inhibition of acetate oxidation " Fluoroacetate (0 001-0 004 M), 
while producing a decrease m the total respiration and motiht 3 '’ of the organism, 
actuall}' produced an accumulation of pyrux ate and a decrease m the formation 
of acetate from glucose Although in this stud 3 ' he has rigorously tested these 
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conclusions, Bueding also demonstrated that the metabohc characteristics of 
L carinn are unique m that they differ from those of other helminths and, in- 
deed, from those of most other mvertebrates 
The anthropocentric may draw more comfort, therefore, from the results of a 
later study by Kalnitsky and Barron (78) on the effects of fluoroacetate and 
fluorobutyrato on fatty acid and glucose oxidation m kidney homogenates Homog- 
enates of rabbit kidney cortex oxidize acetic and many other fatty acids vigor- 
ously The oxidation of acetate was immediately, and practically completely, 
mhibited by 0 001 M fluoroacetate and fluorobutyrate This is m contrast to 
the total lack of effect of fluorobutyrate on acetate metabolism in yeast This dis- 
crepancy was shown not to be the result of conversion of fluorobutyrate to fluoro- 
acetate by kidney Two other sharp differences between yeast and mammalian 
tissue were noted The apparent release of the fluoroacetate-mduced inhibition 
of yeast metabolism with tune does not occur m kidney suspensions nor does 
ethanol have the least effect on the degree of acetate oxidation Fluorobutyrate 
proved to be a more potent inhibitor of butyrate oxidation than did fluoroace- 
tate, 0 00005 M fluorobutyrate inhibited butyrate oxidation 86% while at the 
same concentration fluoroacetate produced only 32% inhibition Oxidation of 
higher fatty acids was also inhibited to varymg extents by both fluoroacids 
In contradistmction to the case m yeast where it developed slowly, glucose 
oxidation was rapidly inhibited by fluoroacetate m kidney homogenates, as was 
also that of acetate However, as in their previous studies, they found that 
pyruvate oxidation was not inhibited until a considerable portion (20%) of the 
added pyruvate had been oxidized It appears that the specificity of fluoroace- 
tate mhibition descnbed for yeast is not to be found m mammalian tissue, m 
this case, rabbit kidney It is interestmg that fluorobutyrate is a more effective 
inhibitor of butyrate oxidation than is fluoroacetate One can only speculate at 
this time about the effects of appropnately fluonnated higher fatty acids 
By actual analysis for acetate, Colowick, Berger, Slem and Con (41) found 
that rabbit kidney cortex homogenates removed about 35% less acetate after 
addition of 0 005 M fluoroacetate They add the new mformation that the extra 
oxygen consumption caused m dialyzed extracts of rabbit ladney cortex by addi- 
tion of vanous metabolites is inhibited by high concentrations of fluoroacetate 
(0 05 M) to varying degrees Glucose is most sensitive, the extra oxygen uptake 
being inhibited 08%, and phospho-enol pyruvate is approximately the same, the 
mhibition bemg 65% Unfortunately, acetate does not appear to have been 
tested The effect of fumarate was found to be inhibited 53% but other metabo- 
lites and components of the tncarboxyhc acid cycle were relatively little affected 
The cunous sensitivity of fumarate-mduced extra oxygen consumption does not 
appear to be entirely comcidental for Boyarski, Postel, Rosenblatt and Gerard 
(18) found it to be specifically effective in preventmg the decrease m the action 
potential of methyl fluoroacetate-poisoned frog nerve On the other hand, it 
actually mcreased the toxicity of sodium fluoroacetate to mtact rabbits (36) 
These matters require considerable clarification Lidbecq and Peters (84) have 
reported recently that studies with centrifuged, homogenized guinea pig kidney 
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and pigeon brain preparations indicate the possibility that a “fluoro-Ci active 
fragment” may be formed which enters the tncarboxybc acid cycle and becomes 
an mhibitor of this cycle They found, as did Kalnitsky (76), that citrate ac- 
cumulates durmg poisonmg zn inlro while acetate does not The relation of re- 
sults of many i/i inlro studies to the events occurnng i/i tnvo is difScult to estab- 
hsh It is possible that more physiological preparations could prove more useful 

B Working Muscles 

The use of an actively functiomng, normally oiganized preparation such as 
the frog sartonus muscle has led to some additional and shghtly different inform- 
ation Colowick, Berger, Slem and Con (41) found that the oxidative resyn- 
thesis of phosphocreatme by frog sartonus following one mmute of tetamc 
stimulation was depressed as much as 40% by previously soakmg the muscle 
for 1 hour m 0 005 M methyl fluoroacetate These findmgs were explamed as 
the mdirect result of depressed tissue respiration, for the simultaneous oxygen 
uptake of these muscles followmg stimulation was decreased from an average 
150% mcrease to only 35% mcrease Essentially the same results were obtamed 
when dmitrophenol was used to mcrease basal oxygen consumption, for 0 005 M 
sodium fluoroacetate inhibited the mcrease about 70% 

Similar results were obtamed when caffeme was used by Clarke and Hiker 
(39) to stimulate the frog sartonus, the excess oxygen consumption of muscles 
contraotmg imder such circumstances bemg decreased by methyl fluoroacetate 
The respiration of restmg muscles is not affected significantly at similar concen- 
trations of methyl fluoroacetate The oxidative recovery heat which normally 
follows a smgle maximal twitch was abolished by 0 001 M methyl fluoroacetate 
or 0 01 M sodium fluoroacetate, yet the muscles contmued to contract, exactly 
the reverse of the situation wntb lodoacetate where an mcreasmg oxidative re- 
covery heat production may accompany contractile failure The depression of 
the activity oxygen consumption of these muscles mduced by fluoroacetate can 
be abolished completely by 0 01 M acetate, glycerol monoacetate, pyruvate and 
oxalacetate Ketoglutarate, fumarate, malate and succinate were less effective, 
and glucose and lactate were without any significant effect 

In a contmuation of this study, Clarke and Hiker have recently found that, 
unlike lodoacetate, fluoroacetate does not inhibit anaerobic glycolysis and, imder 
the conditions of their experiments wnth frog muscle, the rate of glycolysis is 
actually mcreased Because the aerobic accumulation of lactate that normally 
results from muscle activity is significantly less m the presence of fluoroacetate 
and smce lactate formation is not inhibited by fluoroacetate, it appears that 
lactate must be metabohzed m the poisoned muscle The explanation of these 
results 13 to be found m the fact that, m this preparation at least, the action of 
fluoroacetate appears to be to inhibit oxidative carbohydrate breakdown, as a 
consequence, the anaerobic carbohydrate breakdown which occurs m activity is 
enhanced, and this results m a rapid turnover of lactate without its accumula- 
tion It is evident that this will provide suflacient energy to permit muscular 
contraction 
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Three independent studies of the effect of fluoroacetate upon the spontaneous 
contractdity of isolated upper segments of rabbit s mall mtestme have been 
made The effectiveness of acetate as a source of energy for the contraction of 
otherwise substrate-free preparations of the type described by Turchgott and 
Shorr (65) led Purchgott to study the mterrelations of fluoroacetate and acetate 
on this preparation Experiments performed during 1946 by Furchgott (54) in- 
dicated that glucose could supply eneigy for contraction of mtestinal smooth 
muscle m the presence of fluoroacetate under either aerobic or anaerobic condi- 
tions, although acetate could not Fluoroacetate poisonmg uas irreversible when 
earned out under aerobic conditions However, if fluoroacetate was added during 
a penod of anoxm, allowed to remam m the muscle chamber for over 30 rmnutes, 
and then washed out before the restoration of oxygen to the muscle, there was 
no toxic effect 

Later, Farah, West and Angel (50), upon e xaminin g this system found that 
both glucose and acetate were effective antagonists to fluoroacetate, and that 
there are considerable differences m the character of the response of the gut te 
fluoroacetate m the presence of these substrates They have shown that although 
fluoroacetate depresses contractihty more rapidly when glucose is the sole sub- 
strate than when acetate alone is present, the percentile decrease m amphtude 
of contraction at a given concentration of fluoroacetate is greater m the presence 
of acetate than w'hen glucose is the substrate There is a direct relation between 
(a) the tune required for 0 0008 M sodium fluoroacetate to produce 95 to 100% 
inhibition of contraction and (b) the concentration of sodium acetate present in 
the bath, the higher the concentration of acetate the longer the tune required 
for this inhibition to result Butyrate and pyruvate, when they are the sole sub- 
strates, are not detectably different from acetate with respect to the percentile 
reduction m contraction amphtude produced by a given concentration of fluoro- 
acetate 

Although regular contractions in glucose are stopped by high concentrations 
of fluoroacetate, there remains an irregular, high amphtude “fluoroacetate re- 
sistant” contraction when glucose is present with or without other substrates, 
this phenomenon is seldom or never seen when acetate alone is the substrate It 
was noted by all groups which mvestigated the problem Farah ei al (50) have 
found that only mannose acts like glucose whereas galactose, fructose, pyruvate, 
butyrate, caproate, caprylate, succinate, fumarate and a-keto-glutarate are, like 
acetate, unable to support these contractions These contractions are not abol- 
ished by anaerobiosis (Ni, cyamde) or by malonate, although azide and lodo- 
acetate are effective m abolishmg them It has been known for some time, as 
Farah et al have pomted out, that mtestinal smooth muscle can utilize glucose 
and mannose as a source of contraction energy durmg anaerobiosis They feel that 
it IS possible that energy for the fluoroacetate resistant contractions may be 
obtamed from anaerobic glycolytic pathways 

That glucose is more effective than acetate m mamtainmg motihty of gw 
segments in the presence of high concentrations of fluoroacetate was confirmed 
by Weeks and Chenoweth (132) When intestmal stnps are allowed to contract 
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to exhaustion m Krebs-Henseleit solution in the absence of substrate, the nor- 
mal stunulatoiy action of added 0 005 M sodium acetate is prevented by addi- 
tion of 0 00032 M sodium fluoroacetate 5 mmutes before the sodium acetate, 
whereas subsequent addition of 0 005 M glucose is still eSective Although they 
found that glycerol monoacetate is a very effective antagonist to fluoroacetate 
Ml VIVO and sodium acetate is defimtely not, m the isolated mtestinal segment 
preparation sodium acetate is nearly five times as effective as glycerol mono- 
acetate against fluoroacetate Other experiments demonstrated that glucose-m- 
duced contractions, after fluoroacetate inhibition (0 01 M) m acetate, were of 
the same amphtude (approximately 30% of control values) as the contractions 
which persisted when the same concentration of fluoroacetate was added to 
muscles with a glucose substrate These vanous observations can probably be 
explamed by assummg, and there appears to be good reason to do so, that m- 
testinal muscle under these circumstances obtains energy for contraction from 
at least two sources (1) the breakdoivn of glucose which can occur anaerobically 
and (2) reactions of the tncarboxyhc acid cycle into which acetate enters When 
acetate, as the sole available substrate, is blocked from entry mto the cycle bj’’ 
high concentrations of fluoroacetate, contraction ceases, m contrast, low concen- 
trations of fluoroacetate are unable to produce a block m the presence of excess 
acetate In the presence of glucose, energy for contraction is still available de- 
spite the blockade of acetate produced by fluoroacetate This blockade may be 
mcreased until only the fluoroacetate, anaerobiosis-resistant contractions re- 
mam 


C Working Nervous Tissue 

Accordmg to Shanes and Brown (117), the preservation of the restmg potential 
of frog nerve depends upon formation of pyruvate by the glycolytic cycle and 
the subsequent aerobic metabolism of this substrate Because 0 01 M methyl 
fluoroacetate mterferes with the redevelopment of the resting potential of nerve 
m oxygen foUowmg a penod of anoxia, Shanes (116) felt that this was sufficient 
to suggest an mterference with pyruvate metabolism Conversely, the sunulta- 
neous addition of methyl fluoroacetate and sodium pyruvate to nerve m oxygen 
mamtams a higher restmg potential than when pyruvate is oimtted, a fact 
which suggests a beneficial effect of added pyruvate not noted with acetate 
Durmg poiBonmg, he found that the threshold of excitabihty of frog sciatic 
nerve to condensei discharges steadily mcreased 

A senes of studies has recently been published which has revealed several new 
facts about the action of fluoroacetate (17, 18, 22, 23, 45, 98) The sodium salt 
of fluoroacetio acid is nearly without action on frog nerve or bram in vitro al- 
though methyl fluoroacetate has several actions Thus, the ester decreases the 
action potential of frog sciatic nerve and reduces conduction velocity by a proc- 
ess of blockmg conduction m fibers, the threshold of the larger fibers is raised 
before that of the smaller fibers at concentrations of 0 005 hi The respiration 
of such nerves is decreased to 20% of normal Sodium fumarate added before, 
or up to 15 mmutes after, the methjl fluoroacetate protects against the action 
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potential changes in a 2 1 molar ratio, but the respiration of the nerve may 
still be 50% decreased Succinate is equally effective m a 5 1 molar ratio, but 
ethanol, acetate, pyruvate, «-keto-glutarate and glucose are meffective (18) 
Although their data have not yet been fiilly reported, Doty and Gerard (45) 
have found that methyl fluoroacetate will depress the restmg oxygen consump- 
tion of frog nerve as described, but that the mcreased oxygen consumption which 
occurs on stimulation is not affected Thus, with 0 001 M methyl fluoroacetate 
the restmg Qo, is decreased by 25% whereas the activity mcrease is unaffected 
and the action potential is undisturbed They caution, however, that the pres- 
ence of respirmg, non-conductmg elements m a nerve trunk must be considered 
when mterpretmg these results 

In Gerard’s isolated frog bram preparation, sodium fluoroacetate is meffective 
whereas methyl fluoroacetate inhibits respiration 45% at 0 012 M (23) At this 
level the bram potentials are decreased about 50% At 0 01 M methyl fluoro- 
acetate there may also be a 60% decrease m cholmesterase activity On this 
preparation the beneficial effects of fumarate are agam seen, but they are rendered 
somewhat less specific by observations that fumarate protects to some extent 
agamst di-isopropyl fluorophosphate and that imder certam circumstances as 
httle as 0 000,001 M sodium fumarate can itself mduce bizarre electrical changes 
m the bram 

The mactmty of sodium fluoroacetate does not appear to be solely the result 
of mabihty to penetrate cells, for it is inactive on rat bram or dog nerve homog- 
enates m which cells are disrupted Malic dehydrogenase of rat bram is sensitive 
to methyl fluoroacetate (20% inhibited at 0 001 M), but m general dehydrog- 
enases are not much affected by fluoroacetate (98) 

D Isolated Perfused Hearts 

By the use of a recirculatmg system for perfusmg isolated hearts through the 
coronary artenes over long penods with bactena-free Rmger’s solutions (32), it 
has been found that concentrations of methyl or sodium fluoroacetate compar- 
able to those calculated to exist m rabbits or rhesus monkeys poisoned with an 
LDioo cause a gradual declme m the amphtude of contraction, occasional al- 
temans and rarely, if ever, fibnUation (28) The relative sensitivity of rabbits 
and monkeys to fluoroacetate is also manifested m their isolated hearts Essen- 
tially the same degree of cardiac mcompetence was produced by methyl fluoro- 
acetate actmg over a two-hour penod in a concentration of 0 00001 m (0 5 mgm / 
L) on the isolated rabbit heart as by an intravenous dose of 0 5 mgm Ag“ ^ 
the mtact animal (eqiuvalent to about 0 6 mgm /L of body water) In the case 
of the monkey heart, 0 001 M fluoroacetate m the perfusion fluid produces 
effects which correspond roughly to those of an mtravenous dose of 5 to 10 
mgm/kgm 

The substitution of sodium acetate for the glucose of the perfusate m botn 
rabbit and monkey hearts effectively mamtamed contraction and exerted an ex- 
tensive protection against the effect of added fluoroacetate (33) In some in- 
stances protection was definite when the molar ratio of acetate to fluoroacetate 
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approMDiated unity, but usually a higher ratio iins necessary Pyruvate was 
somewhat less effective m mamtaining contractions and m protecting against 
fluoroacetate, perhaps only because of toMc impunties (20) 

Because the presence of acetate prevented the action of practical concentra- 
tions of fluoroacetate, it was impossible to demonstrate any change m the utihza- 
tion of acetate by the heart m the presence of fluoroacetate However, when 
failure was produced by the addition of 0 01 M fluoroacetate to monkey hearts 
with either glucose or pyruvate as the substrate, there was an acetate accumula- 
tion of as much as 3 grams/kgm diy weight/hour over the three-hour exposure 
penod No other change in the utihzation or production of acetate, pyruvate, 
lactate, a-keto-glutarate or glucose was detected 
Despite the protection exerted in viiro, sodium acetate by itself exerts no 
protective effect whatever against the toxic action of fluoroacetate m the mtact 
rabbit (36, 37) 

E Mechantsm Studies tn Intact Animals, Antidotes 

Because humans accidentally or wilfully mgest rat poisons, there can be no 
doubt of the desirabihty of an effective antidote to fluoroacetate The studies so 
far descnbed do not offer much hope that any highly effective treatment of well- 
established fluoroacetate poisomng will be found Indeed, most mvestigators have 
been content if their results with antidotal therapy contribute somethmg to an 
imderstandmg of the mechanism of action of the poison 
It has been mentioned that sodium acetate, although it is the most likely 
candidate, is not an effective antidote or prophylactic m rabbits poisoned with 
fluoroacetate However, Tourtelotte and Coon (125) have found that m mice, 
at least, sodium acetate (2 to 3 gram/kgm ) will protect against sodium fluoro- 
acetate Ethanol, which may be considered simply a source of acetate tn tnvo or, 
more complexly, a catalyst of the Krebs’ cycle, is also effective (1 6 gram/ 
kgm ) Ethanol and acetate together are distmctly more than twice as effective 
as either alone, a fact which suggests a synergistic effect 
Hutchens et al (70) have reported more fully on the effectiveness of ethanol 
alone or with sodium acetate m ^rotectmg mice against fluoroacetate Ethanol 
IS also effective m rabbits, and to a lesser extent m gumea pigs, but not at all m 
dogs It was noted that barbiturates were somewhat effective m protectmg dogs 
but not mice Although there is no doubt that the judicious administration of 
barbiturates (beanng m mmd the prolongation of sleepmg time descnbed m 
ni-G, c ) will control convulsions mduced by fluoroacetate m dogs (52, 70, 
125), animals which survived m this laboratory manifested changes charactenstic 
of cortical damage It would thus appear that, although overt convulsions are 
prevented, the pathological pattern of fluoroacetate poisoning has been unaf- 
fected 

The effectiveness of sodium acetate tn vitro, despite a generally unfavorable 
response to it tn mvo, led to a search for other sources of Cj moieties One of the 
most promismg has been glycerol monoacetate which hns protected rats, rabbits, 
dogs and rhesus monkeys agamst fluoroacetate (36, 37) Equimolar doses of 
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glycerol monoacetate and ethanol, gnen to rhesus monkeys after fluoroacetate 
poisoning had progiessed, nere stnkmgly different m effectneness, ethanol ap- 
parently bemg of no \ alue although its effectiveness m mice and rabbits has 
been confirmed Several other such compounds ha've been found which exert a 
protective action against either fluoroacetate or fluorocrotonate 
The simultaneous admmistration of large amounts of insulin and glucose la 
often effectii e m dogs and rabbits, although neither substance is effective alone 
(37) (The forcing of glucose is also protective against anoxic anoxia (21)) 
Anoxia caused by methemoglobmemia (approxumately 70%) produced either by 
sodium mtnte or p-ammoacetophenone is a very effective antidote or prophylaxis 
for fluoroacetate poisonmg m those species in which it can be mduced, e g , mice 
and dogs (37) McNamara (97) has recently found that physiological sodium 
chlonde solution exerts a defimte protective effect agamst fluoroacetate poison- 
mg m rabbits, a fact which may account, m part at least, for the heterogenous 
character of some of the substances that appear to exert a moderate protective 
action It serves no useful purpose to list m detail all those substances which 
have proven ineffective, but, m general, salts of fatty acids, anticonvulsants, 
vitamms and most metabohc mtermediates are without effect Potent antifibnlla- 
tory, autonormc and cardiac drugs are generally of no therapeutic value, they 
may act differently after fluoroacetate (e g , 50) 

V XnSCELLA^'EOUS FLUORINXTED COMPOUNDS 

Several familiar compounds m which fluonne has replaced hydrogen or chlorme 
have been prepared and are of some mterest here Although 2,3-difluoro succmio 
acid (80), HOOC — CHF — CHF — COOH, appears to inhibit succmic dehydrog- 
enase completely m very low concentrations, it is of singularly low toxicity, 
the LDso m mice and dogs (salt or dimethyl ester) being above 200 mgm/ 
kgm (37) When fluonne is substituted for chlorme m sesqui-H, a veiy potent 
analog of mustard gas, the resultmg compound F — CHjCHi — S — CHiCHi — S 
CHjCHj — F, 13 nontoxic with neither vesicant nor fluoroacetate-like activity (96) 
This suggests that the body is unable to rupture the C-S Imk m this compound 
to obtam fluoroacetate and adds emphasis to the fact that the vesicant action 
of the mustards is dependent upon reactive halogens Other compounds m which 
fluonne has been substituted for an hydrogen atom, such as di- (2-fluoroethyl) 
fluorophosphate or tnethyl lead fluoroacetate, combme some of the charactenstio 
activity of the parent compound with that of fluoroacetate (109) Mention 
should be made of the potent antithyroid activity reported by Litzka (87) for 
F 

3-fluorotyrosme HO—/ CHjCHNH,COOH This activity may be the 

cause of the high toxicity (LDso, 12 5 mgm /kgm ), smce 1- or 4-fluorobenzoio 
acids are virtually nontoxic (79, 86) Boyer, Evans and Phillips (19) were unable 
to demonstrate an effect on the basal metabohc rate of rats, although they con- 
firmed the toxicity of the compound These compounds have been mcluded be- 
cause they give some indication of the way m which fluonne atoms m place o 
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hydrogen atoms may be used to obtam mformation concemmg biological reac 
tions 


VI DISCUSSION 

Nearly all the ongmal data on monofluormated fatty acids so far available m 
the open literature and much of that m the classified hterature have been pre- 
sented m this review There appears to be a plethora of information on less im- 
portant pomts but a dearth of mcontrovertible data on the more important 
questions What mterpretation can be given the facts now available? 

It is clear that the substitution of one fluonne atom for one hydrogen atom 
of a compound which is known, or suspected, to be of biological importance con- 
fers unusual pharmacological properties upon that compound provided that the 
substitution be made m the proper place This proper place is always m the ter- 
minal position of a straight cham fatty acid contammg an even number of carbon 
atoms, to cite the best-defined senes Thus 2-monofluoroacetic acid is active, 
3-monofluoropropiomc acid is macti\e and 4-monofluorobutync acid is very ac- 
tive, although 2-monofluorobutync acid is inactive, and so on Substitution of 
any atoms or groups other than one fluonne atom on the terminal carbon atom 
does not result m characteristic activity More complex compounds contammg 
a smtable groupmg, for example, esters of 2-monofluoroacetic acid or 2-fluoro- 
ethanol, axert a typical pharmacological action if they can be broken down m 
the oiganism to yield fluoroacetic acid This prmciple has been apphed m a few 
less simple cases to mdicate whether or not the body can rupture certam link- 
ages, the C-S bonds m the cham F — C — C — S — C — C — S — C — C — bemg an 
example It appears to be a techmc of some value, although open to cnticism 
on the grounds that such a compound might be a specific inhibitor per se, should 
it not prove to be mert (for instance, fiuoroacetyl sahcyhc acid) 

The toxicity of suitably substituted even-numbered fatty acids m contrast to 
the mertness of odd-numbered homologs is superficially further evidence for 
/3-oxidation of fatty acids, the assumption bemg that the even-numbered chains 
are broken down to the toxic fluoroacetic acid Then, m order to account for the 
much greater toxicity (and the relative differences m vanous species) of the 
longer chains as compared to fluoroacetic acid on a mole per kilogram basis, it 
IS necessary to assume that (a) they penetrate cells much more efficiently and/or 
(b) that release of fluoroacetate as an “active” F-Cj radical occurs, preferably 
directly m the area where it could do the most harm To the contrary, the quan- 
titative and quahtative differences between the actions of the fluormated higher 
fatty acids and the shortest active acid suggest most strongly that they act at 
separate sites Evidence has been presented that fluorobutyrate, for example, is 
a much more active mhibitor of butyrate oxidation m mammahan tissue than is 
fluoroacetate, rvhile m jeast fluorobutyrate does not inhibit acetate oxidation 
at all although fluoroacetate actively does so Under at least one set of circum- 
stances it has been shown that fluorobut 3 rrate does not break down to fluoroace- 
tate In addition, the gross pharmacological effects of fluorobutj rate differ quah- 
tatu ely from those of fluoroacetate, although admittedly the difference requires 
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sharper definition While it is impossible on the basis of available information 
to exclude the possibihty of /Soxidation of fluonnated higher fatty acids to 
fluoroacetate, it appears probable that they exei^ their toxic action m part, at 
least, by interfenng ivith the metabolism of the correspondmg non-fluormated 
fatty acid m the cell It is thus equally easy to dispose of the inactivity of odd- 
numbered fluoroacids, for it is generally uncommon to find the non-fluormated 
homolog important m the mam hne of fatty acid oxidation * 

Certam inactive compounds shown in Table III might be used to add 
weight to the hypothesis of ;3-oxidation to fluoroacetate For example, F — CHi— 

CH3 

I 

C — CHjCOOH IS pharmacologically mactive, and on structural grounds could 
CH, 

not be expected to undergo )3-oxidation to fluoroacetic acid Similarly, denvatives 
of fluorobutync acid m which carbon atoms 2 and 3 are part of a cyclic structure 
are inactive, and are not susceptible to yS-oxidation Although the inactivity of 
these compounds adds support to the idea that /3-oxidation of higher oj-fluoro- 
acids IS necessary for activity, it is equally possible to argue that because of 
stenc factors these biologically abnormal compounds never have an opportunity 
to inhibit butyrate oxidation inasmuch as they are kept from entenng a reactive 
center by their structural deformity and for that reason are pharmacologically 
mert 

In this case the assumption of “entrance mto reactive centers” is based entirely 
upon the remarkable similarity (see Table I) of the FCHj- and HCHj- radicals, 
the chief differences bemg that the fluonne atom is about twice the size of the 
hydrogen atom and is bound more securely to the carbon atom (Were there no 
physical-chemical differences at all there would seem to be no reason to expect 
any pharmacological differences ) If it be assumed that m the process of metab- 
olism fatty acids fit some sort of matrix which requires entiy of the terminal 
methyl group, it is easy to visuahze the arnval of a fluonnated methyl group 
which fits effectively, but, perhaps because of the greatei hold the carbon and 
fluonne atoms have upon each other and because of fluonne’s propensity for 
hydrogen bondmg, it cannot readily be dislodged In such a case as fluoroacetic 
acid the pnor administration of substances which release large amounts of acetic 
acid m the cell could be expected to influence this phenomenon by competing 
for the fixation site Poisomng by fluoroacetate can mdeed by prevented or even 
reversed by such substances in intact animals and m some isolated systems 
Unfortunately, a different mteipretation can be placed upon this observation 
There is no way of knowing with certainty whether added acetate competes 
with fluoroacetate or simply by-passes a blockade To clanfy this it is necessaiy 

* Inactivity may be a relative matter because the doses of odd-numbered compounds 
tested do not seem to have exceeded 200 mgra./kgm and have been examined only in a few 
species It IS possible that some organisms may be very sensitive if odd-numbered fatty 
acids are actively metabolized by them 
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to marshal the data concerning the vanous possible blockades which have been 
suggested 

Although it would be extremely helpful to have more data on other com- 
pounds, nearly all the detailed investigations concerning inhibition of metabolic 
processes by the fluoroacids have been performed with fluoroacetic or fluoro- 
butync acid The specificity (or even the existence) of the inhibition of the 
oxidation of acetate and pyruvate by fluoroaeetate has been the chief subject 
of study, the results of which have been vastly complicated by differences m 
technic, species or organs employed (One searches the hterature m vam for 
mention of the existence of fluoropyruvic acid, F — CHi — C — COOH, which 

0 

might be utibzed to settle some of these questions ) 

It IS fairly certam that fluoroacetic acid does not inhibit acetylation of foreign 
or natural ammes by mammals The formation of acetoacetate from acetate is 
not inhibited and m general — Litomosoidea cannit bemg a clear exception — the 
oxidation of pyruvate to acetate may be directly affected while the disposition 
of the acetate so formed is certainly affected Acetate probably exerts an m- 
hibitory effect upon pyruvate oxidation after a sufficient amount of it has 
accumulated There appears to be no way at this time of choosing between 
findmgs which suggest inhibition of fumarate oxidation and those which do not 
In this connection it is possible to argue obliquely that, because fluorosucemate 
and other potent competitive inhibitors of succmic dehydrogenase are relatively 
feeble animal poisons, inhibition of other neighbonng steps m the Krebs’ cycle 
IS not likely to be the cause of death m mammals poisoned with the usual mmute 
doses of fluoroaeetate The effects on citrate and glucose metabolism may best 
be ex^plamed as the mduect result of inhibition at other pomts 

It IS Mell established that the breakdown of glucose to tnose phosphate can 
occur anaerobically and aerobically, and is a source of much energy Pyruvate 
has long been knoivn as the mam end-product of this metabohe cham, lactate 
bemg a simple conversion product of pyruvate However, m the last decade the 
Cl fragment, a much discussed entity havmg many but not all of the character- 
istics of acetate, has been defimtely added as a stage of carbohydrate oxidation 
beyond pyruvate and as the end-product of fatty acid breakdowm (16, 83, 121) 

Before presentmg the schema depicted m Figure 1, it is necessary to bnng out 
certam less wall known observations which relate to the possibility of its general 
apphcabihty and to the action of fluoroaeetate Differences among species with 
regard to the action of fluoroaeetate must be more than a matter of vagaiy If 
the inhibitions of vanous metabohe systems and pathways and the responses 
of mtact animals which have been reviewed here are considered m the hght of 
the importance of these systems and pathways to the economy of the organism 
bemg studied, some mterestmg relations are obtamed Thus, although there are 
no qualitative differences between Wistar and Sprague-Dawley strains of rats 
in the way they handle the acetate m their acetate pool, Wistar rats turn over 
less acetate (12 to 15 mM/100 gram/24 hr ) than do Sprague-Dawley rats (20 
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to 25 mM/100 gram/24 hr ) In addition Wistar rats are unable to convert py- 
ruvate to acetate although Sprague-Dawley rats do so freely (4) The difference 
m response to fluoroacetate is clear, the stram to which acetate is more impor- 
tant IS more sensitive to fluoroacetate (although more resistant to pyndoxme 
deficiency (27) or aUo\an (82)) It has recently been shown that intact rabbits 
metabolize formate actively, but that dogs and man are nearly unable to do so, 
incidentally, this accounts for the relative toxicity of methanol to these two 
latter species (88, 89, 90) Dog muscle, on the other hand, can oxidize /3-hydroxy- 
butryate and acetoacetate whereas rabbit muscle can only use acetoacetate 
(124) The differences between dogs and rabbits m response to fluoroacids are 
stnkmg Perhaps a similar relation exists when still other species are considered, 
for isolated mammae of the goat, a fluoroacetate-sensitive animal, utihze acetate 
whereas those of the relatively resistant rat and still more resistant mouse do 
not appear to do so (51) Mention has been made of the abihty of guinea pig 
bram to oxidize added acetate and the relative inabihty of rabbit bram to do 
so, the fluoroacetate-mduced inhibition of acetate oxidation bemg greater m 
bram tissue from the gumea pig than from the rabbit The convulsive pattern 
of fluoroacetate poisonmg m the gumea pig and the effects on the heart of the 
rabbit, which oxidizes acetate vigorously (10, 11, 33), mtimate that this is no 
mere comcidence 

When one views these scattered observations on the relation between fluoroace- 
tate action and metabohc pathways m the hght of the protective effect of ace- 
tate and its donors, it is not unreasonable to suspect that the degree of sensitivity 
of an animal or its oigans to fluoroacetate is an mdication of a certam character- 
istic of its acetate metabolism To establish this suspicion as a fact will require 
much effort and it is probable that the problem is even more comphcated than 
appears at first Reference has been made to studies with isolated frog muscle, 
rabbit mtestme and intact animals which show that there are fluoroacetate- 
msensitive metabohc pathways giving nse to sufficient energy to mamtam func- 
tion Evidence has been adduced to mdicate that the breakdown of glucose is 
not sensitive to fluoroacetate and that some such system can be enhanced in vivo 
by partial anoxia (methemoglobmemia) or by accelerating the breakdown with 
an excess of glucose and insulm It is highly probable that m addition to mdivid- 
ual pecuhanties of the metabohc systems for handhng Ci-Ct molecules m a 
given species a second factor, the glycolytic rate, is important in controlhng the 
sensitivity of the organ or organism Few comparative data have been published, 
although Wu and Chang (134) have recently pomted out that the glycol 3 i;ic rates 
of isolated eel, toad, turtle and rat hearts decreased (m that order) with their 
resistance to anoxia Grossly, the sensitivity to fluoroacetate likewise decreases 
m the direction of greater glycol 3 d;ic activity It is also well known that ver> 
young mammals are very much more resistant to anoxia than are older ones 
Nme 24-hour old dogs recently tested m this laboratory were markedly resistant 
to fluoroacetate Further, the relative sensitivity of vanous vertebrates to tissue 
anoxia mduced by potassium cyanide (67) is stnkmgly smiilar to their order of 
sensitivity to fluoroacetate Farah (50) has called attention to the similanty 
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betT\een the sensjtnities to fluoroacetate, C3aiiide and anoxia of vanous portions 
of the gut, i^hich follow Alvarez’s concept of a metabohc gradient Although it is 
suipnsinglj difficult to find accurate comparative data (64), such adult TnaTumnla 
as have been found vei^' resistant to anoxia (21) are also resistant to fluoroace- 
tate 


Fig 1 Tentative Localization of Fluoroacid Blockades 



/f Cholesterol 

Ethanol Glycerol Protoporphyrins 

1-acetate Glycogen 

Reaction (1) Oxidative decarboxylation of pyruvate to acetate 

Reaction (2) Anaerobic degradations of pyruvate to acetate and lactate Enhanced by 
partial anaerobiosis in invo (methemoglobinemia) and by large amounts of 
glucose, thus minimizing effect of block (B) 

Blockade (A) (B) Competitively antagomzed by Ct donors 

Blockade (C) and others not shorm Minor blockades caused by imperfect introduction 
of F C — C — R in high concentrations into a matnx designed for other 
structures, e malic dehydrogenase. 

In Figure 1, the anaerobic degradation of pyruvate to acetate by coupled 
oxidation-reduction reactions (“dismutation”) to lactate and acetate, or by 
fragmentation (“dissimilation”) to acetate and formate, or by still other proc- 
esses, is shown as unaffected by fluoroacetate, although oxidation of pyruvate 
or fatty acids through acetate to active acetate is shown as blocked If allowance 
IS made for venations among species and strains of orgamsms, such a blockade 
can account for many of the pharmacological responses so far desenbed One 
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to 25 mM/lOO gram/24 hr ) In addition Wistar rats are unable to convert py- 
ruvate to acetate although Sprague-Darvley rata do so freely (4) The difference 
m response to fluoroacetate is clear, the stram to which acetate is more impor- 
tant IS more sensitive to fluoroacetate (although more resistant to pyndo'one 
deficiency (27) or alloxan (82)) It has recently been shown that mtact rabbits 
metabohze formate actively, but that dogs and man are nearly unable to do so, 
incidentally, this accounts for the relative toxicity of methanol to these two 
latter species (88, 89, 90) Dog muscle, on the other hand, can oxidize |3-hydroxy- 
butryate and acetoacetate whereas rabbit muscle can only use acetoacetate 
(124) The differences between dogs and rabbits m response to fluoroacids are 
stnkmg Perhaps a similar relation exists when still other species are considered, 
for isolated mammae of the goat, a fluoroacetate-sensitive ammal, utdize acetate 
whereas those of the relatively resistant rat and stfll more resistant mouse do 
not appear to do so (51) Mention has been made of the abihty of gumea pig 
bram to oxidize added acetate and the relative mabihty of rabbit bram to do 
so, the fluoroacetate-mduced inhibition of acetate oxidation bemg greater m 
bram tissue from the gumea pig than from the rabbit The convulsive pattern 
of fluoroacetate poisonmg m the gumea pig and the effects on the heart of the 
rabbit, which oxidizes acetate vigorously (10, 11, 33), mtimate that this is no 
mere comcidence 

When one views these scattered observations on the relation between fluoroace- 
tate action and metabohc pathways m the hght of the protective effect of ace- 
tate and its donors, it is not unreasonable to suspect that the degree of sensitivity 
of an animal or its organs to fluoroacetate is an mdication of a certam character- 
istic of its acetate metabolism To establish this suspicion as a fact will reqmre 
much effort and it is probable that the problem is even more complicated than 
appears at first Reference has been made to studies with isolated frog muscle, 
rabbit mtestme and mtact animals which show that there are fluoroacetate- 
insensitive metabohc pathways giving nse to sufficient energy to maintain func- 
tion Evidence has been adduced to mdicate that the breakdown of glucose is 
not sensitive to fluoroacetate and that some such system can be enhanced in vivo 
by partial anoxia (methemoglobmemia) or by acceleratmg the breakdown with 
an excess of glucose and msuhn It is highly probable that m addition to individ- 
ual pecuhanties of the metabohc systems for handhng Ci-C^ molecules in a 
given species a second factor, the glycolytic rate, is important m controlhng the 
sensitivity of the organ or oiganism Few comparative data have been published, 
although Wu and Chang (134) have recently pointed out that the glycoljdic rates 
of isolated eel, toad, turtle and rat hearts decreased (m that order) with their 
resistance to anoxia Grossly, the sensitivity to fluoroacetate likewise decreases 
m the direction of greater glycolytic activity It is also well known that very 
young mgmTTmla are very much more resistant to anoxia than are older ones 
Nine 24-hour old dogs recently tested in this laboratory were markedly resistant 
to fluoroacetate Further, the relative sensitivity of vanous vertebrates to tissue 
anoxia mduced by potassium cyanide (67) is stnkmgly similar to their order of 
sensitivity to fluoroacetate Farah (50) has called attention to the similanty 
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phenomenon, however, is outstandmgly unexplained If blockades by the higher 
fluoroacids actually occur as indicated, why are these acids so much more toxic? 
Perhaps this will become clear as the understanding of fatty acid metabolism 
mcreases On the whole, it seems possible to explam the pharmacological actions 
of fluoroacetate itself, together with some of the specific variations noted, as a 
function of the magmtude and character of the acetate and glycolytic metabohc 
pathways The characteristic response of an orgamsm or tissue to fluoroacetate 
may be detenmned by the relative importance of these two pathways 

SUMMABY 

Conversion of a metabohc mtermediate mto a very highly toxic compound 
by the mtroduction of a single fluorme atom in a strategic position in the molecule 
has been descnbed for a number of compounds It appears to be a useful method 
for producmg agents with which metabohc pathways can be differentiated m a 
large number of species with a minimum of effort, for it is evident that these 
agents act by virtue of their close resemblance to natural metabolites As an 
example, the variation among species m response to monofluoroacetic acid has 
been related to certam definite differences m metabolism m the species studied 
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ADDENDUM 


The gracious permission of the Bntish Ministry of Supply to refer to informa- 
tion m certam of their classified reports was received too late to permit mclusion 
of this information m the body of the review Mention should be made, however, 
of the high resistance of the Cercopithecus, or “green” monkey to methyl fluoro- 
acetate The LDso appears to he above 50 mgm /kgm accordmg to K J Car- 
penter and B A Kflby (1944) These workers also found that although fluoro- 
ethanol is as active as fluoroacetate m mtact animals, it is without action on the 
isolated perfused heart, presumably because this organ can not convert fluoro- 
ethanol to fluoroacetate 

Defimte histologic abnormahties m the myocardium, but no unequivocal 
changes m the central nervous system, were reported by A M Barrett (1944) 
m gumea pigs and rabbits poisoned repeatedly with methyl fluoroacetate The 
beatmg of heart muscle cells m culture is rapidly inhibited by methyl fluoroace 
tate but the growtli of the cell masses is not affected, accordmg to C B AUsop 
and H B Fell (1944) The action is specific, for methyl chloroacetate m equiva- 


lent concentrations merely kills the cells 

The view that fluoroacetic acid is metabohzed to fluorocitnc acid, accountmg 
for inhibition of citrate oxidation and the subsequent accumulation of c^c 
acid, has been advanced by Martins (Ann. d Chem S&l 227-232, 1949) This 
would seem referable to Blockade (C) of Figure 1 
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THE EFFECTS OF DRUGS UPON THE ELECTRICAL 
ACTIVITY OF THE BRAIN* 

JAMES E P TOMAN AND JK\N P DAVIS 

DeparlmenU oj Physiology and Pharmacology, University of Utah College of Medicine, 

Sail Lake Cily, Utah 

I INTRODUenOV 

It IS now twenty years since Hans Berger (20) presented to the \\ orld a revo- 
lutionary new method for the mvestigation of the function of the brain m health 
and disease, namely, eleciroencephalography His contribution was threefold To 
the climcian he gave a diagnostic instrument mth sharp differential and localiz- 
mg value, ivithout which the notable advances of the last tn o decades in the 
pharmacological and surgical treatment of central nervous disorders would have 
been sorely handicapped To the neurophysiologist he gave a research tool of 
great precision and relative simplicity for the unraveling of the central nervous 
pathways by the monitormg of their electrical signs Lastly, to all those nho 
stnve to understand the mode of operation of the organ of thought, he gave a 
new pomt of departure The bram could no longer be considered a passive sw itch- 
board through which impulses coursed on their way to and from the periphery , 
it rvas now revealed as a dynamic participant m the affairs of the body, posses- 
smg an inherent spontaneous and rhythmic activity which could modify the 
soma and be modified m turn by the soma 
Berger did not neglect to mvestigate the effects of drugs upon the electneal 
activity of the brain (21) He looked for electroencephalographic signs of the 
central nervous actions of barbital, morphme, cocame, amyl mtnte, scopola- 
mme, chloroform and other substances then m common chmeal use Thus he 
opened a field of research i\ hich has many potentialities not only for the deter- 
mination of the mechanism of action of centrally actmg drugs, but also for the 
analysis of the nature of the electroencephalogram itself, for the reason that sub- 
stances with known specific action are among the most precise tools available 
for mvestigations m the biological sciences 
Unfortunately, the rapidly mcreasmg volume of hterature m the field of elec- 
troencephalography contams relatively few sj'stematic studies of the effects of 
drugs on the electneal activity of the bram, although there are many empirical 
reports on the alterations produced by particular chemical agents Among pre- 
vious reviews relevant to this subject should be mentioned those of Hayslip 
(176), Gibbs and Gibbs (135), Finesmger and Brazier (108), Gibbs (130, 131, 
132), Lennox and Lennox (217), and Walter and Walter (331) 

The present review will consider primarily the effects of drugs upon the normal 
human EEG This will necessarily exclude from discussion most of the large 

* Original investigations and other work incident to tho preparation of this review were 
supported in part bj grants in-aid of research from tho Division of Research Grants and 
Fellowships of the N itional Institute of Health, U a Public Health Service 
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body of clinical reports containing casual observations of drug alterations of the 
EEG in convulsive disorders, cerebral trauma, etc Experimental studies m 
animals will be mcluded to the extent that they contribute to an understanding 
of drug actions or of the neurophysiological basis of the recorded electrical ac- 
tivity of the bram Only the more relevant work deahng with topical apphcation 
of drugs to the bram will be evaluated Fmally, pnonty will be given to a few 
selected agents which are either of heuristic value or commonly used m the 
treatment of disease In atonement for this cavalier treatment of a large section 
of the electroencephalographic literature, the reviewers hope to emerge with a 
few examples of the usefulness and limitations of the EEG as an aid to the under- 
standmg of the mechanism of action of drugs upon the central nervous system, 
and also of drugs as analytical tools for mvestigatmg the nature of the EEG 

U ON THE GENESIS OF THE ELBCTROENCEPHALOGEAM 

Any rational discussion of the mechanism of action of drugs upon the EEG 
presupposes some knowledge of the nature of the electncal discharges recorded 
from the bram Unfortunately this body of mformation is still m the moat prime- 
val state, and consequently the most divergent extremes of mterpretation per- 
sist m the hterature (cf 331) Thus the EEG is viewed by some mvestigators as 
the synchronized summation of large numbers of action potential spikes (2), 
by others, as slow fluctuations in the somatic membrane potential of cortical 
neurones (43, 127) Some view the rhythmic activity as an inherent property 
of the mdividual neurones (142), while others emphasize the importance of cyclic 
reverberations m closed neuronal chains (26) Some regard the grossly recorded 
EEG as a mixture of smusoidal oscillations (62) , others, as a composite of dis- 
crete non-smusoidal pulses (2) Functionally, the dommant restmg cortical 
rhythms have been viewed as merely fortuitous synchronizations of groups of 
cortical neurones (2), as a mechanism of altematmg excitation and inhibition, 
which tends to regulate the overall excitabihty of the cortex (42), as a spatial 
scannmg device for the comparison of new and stored mformation (245, 276), or 
as an escapement system linutmg cortical output to fixed time mter^'als (71, 72) 
If the reviewers seem somewhat partisan m their attitude toward these vanous 
controversies, it is only to maintam a reasonable workmg hypothesis against 
which the observed actions of drugs may be projected 

First, with regard to the wave composition of the EEG, although much of the 
clmical hterature implies a mixture of smusoidal oscillations (cf 135) and at- 
tempts have been made to synthesize even the abnormal paroxysmal discharges 
from a summation of pure frequency components (62), this conception may be 
somewhat misleadmg By analogy, the gross electromyogram of a muscle which 
contains many dischargmg motor units may give the appearance of a imxture 
of pure frequencies, but finer analysis reveals the existence of discrete and char- 
acteristic action potential spikes Unfortunately, the recording of spontaneous 
smgle umt discharges m the bram is technically most difficult Renshaw et al 
(279) have recorded such unit action potentials from the olfactory cortex, 
Moruzzi et al (259) from Purkinje cells of the cerebellum, and Adrian and 
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Moruzzj (3) indirectly from pyramidal cells of the motor cortex In general 
these studies shon discrete spikes rather than an underlymg sinusoidal rhythm 

Even with gross recording of the electrical activity of the bram, one carmot 
but be impressed with the amount of fine detail submerged m the overt smusoi- 
dal rhythm For example, the so-called “Dial” potentials (60, 88), recorded 
from rostral areas of ftTnnnsls under light barbiturate anesthesia and resembhng 
“sleep spmdles” (75) m man, are complex m form even w'hen recorded wnth scalp 
electrodes, when led off from pial electrodes, thej' may be observed as discrete 
repetitive diphasic or polyphasic responses, in which the several components 
may be mdependently modified by drug action (317) 

A useful method for analysis of the EEG is the evocation of synchronized 
discharges from bram hy stimulation of sensory nerves and organs or of central 
tracts The best such studies m anesthetized experimental animals reveal early 
spike components which may be attnbuted to arrivmg tract impulses, monosyn- 
aptic transmission, and the activation of subsequent banks of sjmapses (69, 
264) They may also be seen m the electrocorticogram of unanesthetized ani- 
mals (244, 346) E\ en the firing of a smgle bank of cells gives a complex response 
because of the different time charactenstics of dendrites, somata and axones 
(239, 264) The nutial sequence of spike-like events may be followed bj' one or 
more waves havmg m general the tune course and spatial distnbution of the 
characteristic “spontaneous” waxes ansmg m the same locus at rest They ap- 
pear to ongmate from the entire thickness of the cortex (3, 264) In appearance 
they approxunate the spontaneous EEG at all levels of central responsiveness 
from deep anesthesia to the subconxndsix'e state, but the evoked records preserve 
a discreteness and reproducibihty which is not as evident m the spontaneous 
activity, probably because of the greater rhspersion of the latter (315) 

From the above considerations it is evident that the “spontaneous” electro- 
encephalogram of a bram receiving impulses from sensory or other sources must 
m part represent the summation of many unit discharges, varymg m their time 
course from spikes of the order of a millisecond to slow w aves of 100 miUiseconds 
or more If these were completely random m occurrence, no observable rhythms 
w ould be grossly recorded m the EEG If they w’ere completely synchronized m 
homogeneous bram areas, much of the fine detail seen m the evoked discharges 
could be observed with a smtably rapid recordmg sj'stem The true state of 
affairs would appear to he mtermediate between the axtreme states of disper- 
sion and synchrony In this mtermediate state it is evident that partial disper- 
sion will attentuate the fast more than the slow components m the gross EEG 
record 

Secondly, as to the possibility of an inherent rhythmicity of cerebral cells, the 
respiratory “center” was at one tune exploited as an analog of inherently spon- 
taneous cerebral rhythms (135) More recently, the w ork of Pitts, hlagoun and 
Ranson (275) has revealed the role of bulbar and peripheral inhibitory feedback 
cucmts m the mamtenance of the respirator}’’ cycle, and concurrently the role of 
reverberatmg circuits m maintauung cortical rhythms has been emphasized 
To complete the cycle, current evidence now indicates the possibility that xvith a 
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suitable chemical drive the isolated inspiratoiy center may act as a relaxation 
oscillator (195). In penpheral nerve, spontaneous rhythms having a slower tune 
course than action potential spikes are -well known (8, 47, 238) The cerebral 
cortax deprived of all afferent connections (40) or so treated by drugs as to ren- 
der synaptic transmission presumably impossible (230) may continue to show 
rhythmic activity Thus it is not impossible that non-propagated fluctuations 
in neuronal membiane potential may contribute to the EEG This m no way 
dunmishes the significance of reverberatmg circuits such as those which have 
been postulated for cortico-thalamic (26) and cortico-hypothalamic (263) inter- 
action Smce oscillations m membrane potential tend to be associated mth 
cycbc changes m excitabihty of neurones, givmg nse to propagated spikes when 
the fluctuations are sufficiently great (47), and smce the local oscillations them- 
selves can be mtensifled and synchronized by amvmg propagated impulses (238), 
it 13 conceivable that both the local periodicity and the total tune delay of a 
reverberatmg pathway may enter mto the determmation of the frequency of a 
recorded rhythm m an active and tr ansmi tting bram 

Fmally, as to the functional sigmficance of the EEG, certam generalizations 
must be borne m mmd, particularly m evaluatmg drug action Although the 
dominant alpha rhythm is commonly considered an indicator of the restmg 
wakeful state, it is obvious tliat many subjects at rest and almost all mth eyes 
open show only a highly desynclironized and irregular low-voltage fast activity, 
which IS also typical of most unanesthetized animals m the wakmg state Fur- 
thermore, it 13 common clmical experience that consciousness and other attributes 
of the functionally normal bram may persist m patients with bizarre diffuse 
dysrhythmias, either of pathological ongm or pharmacologically mduced How- 
ever, there are extreme EEG states m which higher function is grossly unpaired, 
such as the hjqiersynchromzed hyperdischarge of the tomc-cIonic and the petit 
mal seizure, the hyperaynchrony of moderate barbiturate anesthesia, or the 
complete inactivity charactenzmg very deep anesthesia or post-seizure depres- 
sion Thus the abihty of the bram to receive, store and transmit infonnation is 
not mcompatible with a wide range of EEG patterns, axcept at the extremes of 
gross diffuse hypersynchronization, hyperactivity or complete inactivity 

in SOME HypOTHETICAL MECHANISMS OP ACTION OP DEUQ8 UPON THE BEG 

Havmg disposed of these preliminary non-phormacological considerations of 
the complex ongm of the EEG, one can now appropriately mqune mto the 
known mechamsms by which drugs may alter the properties of the grossly re- 
corded electncal activity of the bram The effects of drugs upon the properties 
of neurones will be the subject of a subsequent review (318), and only bnef 
mention of some of the possible alterations will be attempted here 

Among the passive properties of nerve cells, which can be measured without 
the elicitation of a test response, should be mcluded the membrane resistance, 
capacity, mductance and voltage The capacity and mductance are not known 
to be easily modified by drug action, m the presence of a smtably Ion d^P^S 
membrane resistance, they may detenmne the frequency of cycbc oscillations m 
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the merabrane potential (47) Together with the membrane and longitudinal re- 
sistances they enter mto the determination of the spatial and temporal charac- 
teristics of excitation and response (238) Membrane resistance is known to be 
reduced by potassium ion (193), and perhaps may be mcreased m central neu- 
rones by the barbiturates (93) Membrane voltage must be mamtamed above a 
critical level to provide a restmg, excitable cell Smce the voltage is dependent 
upon metabohc work, it is subject to alteration by a mde variety of metabohc 
agents as well as by respiratory gas tensions and the electrolyte pattern of the 
extracellular flmd, its separable components, which enter mto the excitation 
and response characteristics of nerve cells, may be mdependently modified by 
drug action (238) 

Among the active properties of neurones are those concerned inth excitation 
the threshold, or critical potential to which membrane potential must be reduced 
in order to mitiate a propagated discharge, the temporal and spatial requirements 
for axcitation, and the rate and extent of accommodation, or the change m 
threshold with apphed stress Relatively httle is knonm about drug effects on 
these properties, with the exception of threshold, which bj’^ gross methods is 
generally but not alwaj^s found to be elevated by depressants and reduced by 
excitants Changes m cerebral cortical threshold are not necessarily reflected m 
EEG alterations, for example, m experimental animals the threshold may be 
considerably raised by benzimidazole with no change m EEG (154), and wde 
spontaneous fluctuations m cortical threshold may be seen a ithout corresponding 
EEG manifestations, all of nhich would seem to indicate that the stabihty and 
frequency of cortical rhjrthms are insured by regulatmg mechanisms which cor- 
rect for threshold alterations within wide limits 

A second set of neuronal properties are those relevant to the response, these 
include the form, duration and amphtude of the action potentials and the ve- 
locity with which they are propagated, as n ell as the tendency toward spon- 
taneous discharges and the occurrence of high frequency trains of spikes instead 
of isolated umt discharges Agam httle is known of these aspects of responsive- 
ness m cerebral neurones, except insofar as high frequency discharges appear to 
be associated with convulsive responses, may be elicited by various convulsant 
drugs, and are reflected m the gross EEG as high voltage spikes (3, 258) 

Finally, there are those phenomena associated with recovery follomng ante- 
cedent stimulation, these mclude the absolute and relative refractory penods 
and the supernormal and subnormal phases of recovery of excitabflit}’’, as well 
as oscillatory phenomena m the recoveiy cycle It might be ex-pected that m an 
active region of bram any prolongation of the recovery cycle u ould have pro- 
found effects on the EEG, particularly m the direction of slowmg spontaneous 
rhythms, mdeed, this seems to be the case at least ivith the barbiturates (198, 
243) Also there must be mcluded the long penods of facfiitation seen after ex- 
cessive stimulation of penpheral nerve, which may be abohshed by anticonvul- 
sant drugs and ivhich have been assumed to play a role centrally m the develop- 
ment and spread of seizures (317) 

In addition to those properties which characterize neurones m isolation, there 
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suitable chemical drive the isolated inspiratory center may act as a relaxation 
oscillator (195) In peripheral nerve, spontaneous rhythms having a slower time 
course than action potential spikes are well known (8, 47, 238). The cerebral 
cortex deprived of all afferent connections (40) or so treated by drugs as to ren- 
der s3Tiaptic transmission presumably impossible (230) may contmue to show 
rhythmic activity Thus it is not impossible that non-propagated fluctuations 
m neuronal membiane potential may contribute to the KEG This m no way 
dimmishes the significance of reverberatmg circuits such as those which have 
been postulated for cortico-thalamic (26) and cortico-hypothalamic (263) mter- 
action Smce oscillations m membrane potential tend to be associated inth 
cyclic changes m excitabihty of neurones, givmg rise to propagated spikes when 
the fluctuations are sufificiently great (47), and smce the local oscillations them- 
selves can be mtensified and synchronized by arrivmg propagated impulses (238), 
it 13 conceivable that both the local periodicity and the total tune delay of a 
reverberatmg pathway may enter mto the detennmation of the frequency of a 
recorded rhythm in an active and transmittmg bram 

Finally, as to the functional sigmficance of the KEG, certam generahzations 
must be borne m mmd, particularly m evaluatmg drug action Although the 
dommant alpha rhythm is commonly considered an indicator of the restmg 
wakeful state, it is obvious that many subjects at rest and almost all with eyes 
open show only a highly desynclironized and irregular low -voltage fast activity, 
which is also typical of most unanesthetized animals in the wakmg state Fur- 
thermore, it 13 common clmical experience that consciousness and other attnbutes 
of the functionally normal bram may persist m patients with bizarre diffuse 
dysrhythmias, eithei of pathological ongm or pharmacologically mduced How- 
ever, there are extreme EEG states m which higher function is grossly unpaired, 
such as the hypersynchromzed hyperdischarge of the tomc-clomc and the petit 
mal seizure, the hypersynchrony of moderate barbiturate anesthesia, or the 
complete inactivity charactenzmg very deep anesthesia or post-seizure depres- 
sion Thus the abihty of the bram to receive, store and transmit information is 
not mcompatible with a wide range of EEG patterns, except at the extremes of 
gross diffuse hypersynchromzation, hyperactivity or complete inactivity 

in SOME HTPOTHETICAL MECHANISMS OF ACTION OF DRUGS UPON THE BEG 

Havmg disposed of these preliminary non-pharmacological considerations of 
the complex ongm of the EEG, one can now appropriately mqiure mto the 
known mechanisms by which drugs may alter the properties of the grossly re- 
corded electncal activity of the bram The effects of dnigs upon the properties 
of neurones woll be the subject of a subsequent review (318), and only bnef 
mention of some of the possible alterations will be attempted here 

Among the passive properties of nerve cells, which can be measured without 
the ehcitation of a test response, should be mcluded the membrane resistance, 
capacity, mductance and voltage The capacity and mductance are not known 
to be easily modified by drug action, m the presence of a smtably low damping 
membrane resistance, they may deteimme the frequency of cychc oscillations m 
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Wide limits of convulsne bursts on the one hand or deepest anesthesia on the 
other The degree of synchronization also contnbutes to the sharpness and com- 
pleoty of vave-form, to the regularitj' of dominant rhythms and their stability 
toward sensory stimulation, etc As to what might determme the degree of syn- 
chronization, it can only be said that there are tw o avtreme situations resultmg 
m synchrony One w'ould be any depressant effect makmg reverberation impos- 
sible m any but the longest a\ ailable circuits The other would be any excitant 
effect, such as a decrease m threshold, leadmg to the ea^ mterlockmg of existent 
circuits The ElEG alone does not offer any simple choice between these alter- 
natives 

Another category of drug action upon the EEG mcludes the modification or 
abolition of abnormal activity, m particular the paroxysmal dysrhythmias asso- 
ciated mth convulsive disorders The possible mechanisms of anticonvulsant 
action have been reviewed elsewhere (316, 321) and will be discussed later under 
anticonvulsants 

If one were to attempt to compile a list of those substances whose actions 
upon the EEG are well described m the literature and whose mechanism of ac- 
tion upon neurones has also been well defined, the list would be short mdeed 
Furthermore, the conelation between drug effects upon properties of neurones 
and upon EEG manifestations would not be very impressive For example, 
ether acts as a depolanzmg agent upon nerve (238, 347) whereas COj mcreases 
membrane potential (238), yet an mcrease m frequency of cortical waves is the 
EEG manifestation usually descnbed for both ether (136) and COj (126, 142, 
215, 244) Some drugs which mcrease neuronal thresholds without depolanzmg, 
such as the local anesthetics and DFP (17, 25, 323), may produce convulsive 
manifestations m the EEG (56, 57, 148), other non-depolanzmg threshold- 
raisers such as benzimidazole (147, 317) may have relatively httle effect upon 
the EEG even when cortical thresholds are demonstrably raised Inconsistencies 
such as these illustrate the difficulties encountered m transfemng our knowledge 
of basic neuropharmacology to an mterpretation of the EEG 

In tummg now to the mam body of this review, namely, the descnption of 
the effects of specific substances upon the EEG, the reader should be forewarned 
that only m a few cases will it be possible to define a mechanism of action with 
any degree of satisfaction to either the pharmacologist or the neurophysiologist 

IV FHARXfACOLOGICAL AGENTS ACTING UPON THE EEG 
-4 Substances used -pninanly for thetr central nervous effects 

1 Predomtnanily depressant drugs a Barbiturates Because of the widespread 
use of barbiturates for sedation, anesthesia, and m the therapy of convulsive 
disorders, the EEG effects of this drug group have been studied more widely 
than others Earher reports emphasized the sunilanty between records ob tamed 
under barbiturate sedation and those of natural sleep (21, 136, 224) More re- 
cently there has been mcreasmg emphasis on the mitial appearance of fast ac- 
tmty precedmg the loss of consciousness (33, 34, 64) 

The mtravenous admmistration of phenobarbital m human subjects been 
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are those qualitatu elj- aew properties which result from the organisation of 
central neurones mto complex nerve nets and which give to brain functional po- 
tentiahties far beyond those of the mdindual neurones of uhich it is composed 
From the standpoint of the ElEG, these networks provide for sjuichromration 
and rhythmicity of actinty, but their physiological significance is hardly re- 
vealed by a study of the EEG. They may multiply tremendously the impulses 
derived from a few afferent fibers or from spontaneously finng cells, or they mn y 
channel or terminate such activity hy inhibition, thereby subservmg the more 
elementary reflex functions of bram By suitable arrangements of re-entrant cir- 
cmts they may form a seU-regulatmg ^stem of variable output, capable of 
receivmg, storing and transmitting patterns of information (245) Two reflec- 
tions of the organized activity of these networks are probably commonlj ob- 
served in the EEG. One concerns local field effects originating m the interaction 
of adjacent neurones and resultmg m inhibition or axcitation, dependmg upon 
the polanty of the potential gradient and the rate and extent of accommodation 
of the respondmg neurones This tj'pe of activity may be involved m the slowly 
spreading electncal weaves which propagate through the cortical feltwork with 
velocity far less than that for ordinary conduction (1, 212, 255) The other con- 
cerns reverberatmg circmts between corte.x and subcortical centers such as 
t h al am us (26) and hypothalamus (263), which presumably contribute heavily 
to the stabihty of at least some cortical rhythms as judged by the profoimd dis- 
organization of the EEG after mjury to the subcortical centers Certain theo- 
retical properties of these circuits desen'e attention Their characteristic period 
may be far greater than the total conduction tune around the cucuit, smee 
part of the cycle may be consumed m the buildmg up of facihtatoiy activitj' m 
local mtemuncial pools withm each center, or m the progressive inhibition 
of activity withm these pools Therefore drug effects upon the frequency of the 
observed EEG cycle might arise from any combination of actions upon the 
vanous parameters of excitation, response and recovery That the effects of 
drugs upon the frequency of EEG rhythms are usually seen as sharp, quahtative 
transitions m penod, rather as a progressive modification over a wide range, 
would seem to mdicate the establishment of new resonant cucuits when sufficient 
quantitative alteration m the old circuit has made resonance mefficient or im- 
possible 

To what extent may changes m the EEG be attnbuted to alterations m those 
properties of neurones and netw orks already described? Of the measurable as- 
pects of the EEG, changes m frequency are commonly reported m connection 
with drug action These may reflect bona fide changes m the underlying cycles 
of reverberating cucuits or local oscillatoiy behavior, as previously discussed 
for drugs changing the recovery phase, or they may be the spurious result of 
changes in degree of synchromzation, with apparent fast activity resultmg from 
the fragmentation of established rhythms on the one hand, or slow 
from the groupmg of cycle fragments on the other The voltage of the recorded 
discharges is likewise dependent upon the degree of synchromzabon, and there- 
fore does not mdicate the actual amount of neuronal activity except withm the 
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Wide limits of convulsive bursts on the one hand or deepest anesthesia on the 
other The degree of synchromzation also contnbutes to the sharpness and com- 
pleaty of w ave-fonn, to the regularity of dommant rhythms and their stability 
toward sensory stimulation, etc As to ivhat might deterrmne the degree of syn- 
chronization, it can only be said that there are two axtreme situations resulting 
m synchrony One would be any depressant effect makmg reverberation impos- 
sible m any but the longest available circuits The other w'ould be any a\citant 
effect, such as a decrease m threshold, leadmg to the easy mterlockmg of existent 
circuits The EEG alone does not offer any simple choice between these alter- 
natives 

Another category of drug action upon the EEG mcludes the modification or 
abohtion of abnormal activity, m particular the paroxysmal dysrhythmias asso- 
ciated with convulsive disorders The possible mechanisms of anticonvulsant 
action have been reviewed elsewhere (316, 321) and will be discussed later under 
anticonvulsants 

K one were to attempt to compile a list of those substances whose actions 
upon the EEG are well described m the hterature and whose mechanism of ac- 
tion upon neurones has also been well defined, the list would be short mdeed 
Furthermore, the correlation between drug effects upon properties of neurones 
and upon EEG manifestations would not be very impressive For example, 
ether acts as a depolanzmg agent upon nerve (238, 347) whereas CO 2 mcreases 
membrane potential (238), yet an mcrease m frequency of cortical waves is the 
EEG manifestation usually described for both ether (136) and CO 2 (126, 142, 
215, 244) Some drugs which mcrease neuronal thresholds without depolanzmg, 
such as the local anesthetics and DFP (17, 25, 323), may produce convulsive 
manifestations m the EEG (56, 57, 148), other non-depolanzmg threshold- 
raisers such as benzimidazole (147, 317) may have relatively httle effect upon 
the EEG even when cortical thresholds are demonstrably raised Inconsistencies 
such as these illustrate the diffi culties encountered m tr ansf erring our knowledge 
of basic neuropharmacology to an mterpretation of the EEG 

In tummg now to the mam body of this review, namely, the descnption of 
the effects of specific substances upon the EEG, the reader should be forewarned 
that only m a few cases will it be possible to define a mechanism of action with 
any degree of satisfaction to either the pharmacologist or the neurophysiologist 

IV PHARilACOLOGlCAL AGENTS ACTING UPON THE EEG 
.4 Substances used ■primarily for their central nervous effects 

1 Predominantly depressant drugs a Barbiturates Because of the wadespread 
use of barbiturates for sedation, anesthesia, and m the therapy of convulsive 
disorders, the EEG effects of this drug group have been studied more widely 
than others Earber reports emphasized the similarity between records obtamed 
under barbiturate sedation and those of natural sleep (21, 136, 224) More re- 
cently there has been mcreasmg emphasis on the imtial appiearance of fast ac- 
tmty preceding the loss of consciousness (33, 34, 64) 

The mtravenous admmistration of phenobarbital m human subjects hns been 
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reported to produce eithei an increase m amplitude of cortical activity (224), 
or an initial decrease in amplitude foiloned by an mcrease as the effect progresses 
or \vhen laiger do«es are used (141), these changes are followed m turn by a 
giadual blowmg of the record and the appearance of normal sleep patterns M 
Lennox (210) studied the effects of relatively small doses of phenobarbital, 
pentobarbital, amytal and seconal m normal human subjects Pentobarbital 
and seconal, m particular, produced fast activity rangmg between 20 and 30 per 
second and most pronounced m the frontal and parietal leads Hoivever, some 
subjects showed no change and some presented slow rather than fast activity 
Similar variabdity was noted in a group of psychiatric patients receivmg bar- 
biturate medication The observed EEG changes were not attnbutable to drowsi- 
ness, were more chaiacteristic of the patient than of the drug used, and were also 
influenced by the dosage and the time mterval before recordmg 
Anal3me3 of the cortical frequency spectrum have been made by Gibbs and 
h'laltby (141) and by Brazier (33) m an attempt to make a more quantitative 
evaluation of the EEG effects of barbiturates and other agents than that pro- 
vided by the ongmal EEG tracmg Gibbs and Maltby found pentothal the most 
effective of various barbiturates m produemg slow changes, and correlated this 
with the greater depressant potency of the drug Brazier routmely found the 
appearance of fast activity as the first manifestation of mtravenously ad m i ni s- 
tered pentothal, and noted that during this stage there w'as some degree of men- 
tal clouding or euphoria The first appearance of slow activity coincided dra- 
matically ivith loss of consciousness, and fast activity disappeared at the same 
time Brazier found that activity in the alpha frequency range persisted even 
dunng unconsciousness, but that it no longer could be blocked by sensory 
stimulation In speculatmg upon the transition from the imtial fast to the final 
slow type of record. Brazier mvokes several possible alternative explanations 
an mitial state of acceleration by the appearance of acid metabolites, followed 
by the overwhelming effect of the slowmg of the prmcipal chemical reactions 
as a result of the accumulation of metabolites, an early depression of cortical 
function followed by a sharp transition to subcortical dommance, an early shift 
from an excitatory to an inhibitory function of the small Golgi cells (49), further 
transformed by the deprivation of mcommg sensory impulses to the cortex From 
a comparison of the effects of pentothal with those of anoxia and hypoglycemia, 
which produce only a progressive slowmg of the EEG, Brazier concludes that 
the data “are consistent with a postulate that the alpha rhythm results from 
repetitive action of cells m neurone chams, that the rate can be modified withm 
certam limits by metabolic changes m cortical cells, that it can be disrupted by 
any agent which inactivates a link in the cham, and that it is thrown out of 
S3mchrony by the amval of action potentials ongmatmg as sensory impulses 
Regardless of the mechanism assumed, it is apparent from the foregoing studies 
that doses of barbiturates which are insufficient to produce sleep may produce 
changes m the EEG which are usually but not always m the direction of fM 
activity M Lennax (216) pomts out the importance of these findmgs m avoi - 
mg mismterpretation of the EEG of patients who are receivmg barbiturate 

medication 
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The technical difficulties encountered in attempting to obtam artifact-free 
recordings from infants and children have caused some electroencephalographers 
to use barbiturates m doses sufficient to produce sleep Barnes ei al (10, 11) de- 
scribe 15 per second fast activity and 2 to 4 per second slow waves as typical 
normal EEG findmgs m year-old infants under light pentothal anesthesia The 
reviewers (319) studied the effects of various barbiturates m a group of normal 
infants and children m comparison with a senes of cases of convulsive disorders 
In general, the sleep records were like those of normal non-sedated individuals 
m sleep and were dominated by slow activity of high voltage of various fre- 
quencies up to the alpha range, and variable amoimts of fast activity as well 
Wide vanations m frequency, amplitude and regulanty of the slow activity 
were noted Precentral spindles of the 14 per second type were sometimes bi- 
laterally synchronous and sometimes not, and could be evoked by sensory stimu- 
lation when they w ere absent from the spontaneous record at a deeper stage of 
sleep There were no notable differences betw'een the barbiturates used The 
variations m EEG pattern of barbiturate-mduced sleep were sufficiently wude 
BO that the reviewers feel that such sleep records should not be considered ab- 
normal unless they exhibit one or more of the following signs gross asymmetry 
of slow activity, umlateral or bilateral absence of spmdles, clearly localizable 
focal paroxysmal discharges, well-defined spikes, sharp waves, spike and wave 
patterns, or other forms normally absent from either the sleepmg or wakmg 
record Abnormal discharges should be distmguished from the high voltage 
K-complexes normally seen durmg sensoiy stimulation or spontaneous move- 
ment Pentothal sleep has been found useful m the localization of convulsive 
dysrhythmias (116) 

The EEG effects of barbiturates have also received sporadic mterest m con- 
nection with them effects upon slow^ abnormalities frequently noted m children 
with behavior disorders Cutts and Jasper (70) noted that the most striking effect 
of phenobarbital m such children was an mcrease m the ampbtude of the beta 
activity (24r-32/second), which was most marked m central and frontal bipolar 
recordmg The effect of phenobarbital on the slow er activity w as to mcrease the 
amphtude and amount of 6 per second activity while decreasmg that of the 
slower random 2 to 4 per second waves These changes bore no correlation wuth 
the alterations m behavior m this group of children, who usually showed exacer- 
bation of symptoms durmg barbiturate therapy The addition of amphetamme 
to the phenobarbital medication failed to alter the EEG m these cases, although 
it produced clmical improvement Lmdsley and Henry (231) also found no cor- 
relation betw een the exacerbation of behavior disorders m children treated with 
phenobarbital and the alterations produced m the EEG They report an m- 
creased amphtude of alpha rhythm m frontal leads, mcreased stability of pre- 
central alpha, decreased precentral 5-8 per second slow activity with a concomi- 
tant mcrease occipitaUy and frontally 

In patients habituated to barbiturates, convulsions are sometimes noted m 
the several dayis foUowmg the wuthdraw'al of the drug, even when the patient 
has no previous history of convulsive disorder One report of such a case (51) 
showed hypery^tilation-mduced slowr activity m frontal leads durmg the post- 
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withdrawal interseizure period These w'ere no longer evocable when more 
gradual withdrawal w as earned out 

In summary, the climcal literature on the EEG effects of barbiturate medica- 
tion show's a general but not mvariable appearance of fast activity or increase of 
beta activity after small doses which produce rmniTrinl psychic effects, whereas 
larger doses sufficient to produce sleep alter the record m the direction of domi- 
nant slow rhythms W'lth the appearance of spmdles and other features of the 
EEG m natural sleep 

For the effects of still higher concentrations of barbiturates on the EEG, one 
must turn to observations on laboratory ammals Although most of the htera- 
ture concerning the effects of barbiturates on the electneal activity of the brains 
of animals deals with pentobarbital as the test agent and the cat as the test 
anima l , the results m general have been confirmed for other barbiturates and 
other species, and differ only m a few respects from the more limited range of 
observations m man 

Clark and Ward (60) have described somewhat more fully than earher m- 
vestigators the effects of pentobarbital on the EEG of the cat The waking rec- 
ord m their animals was characterized at rest by low amplitude somewhat irregu- 
lar activity m the 10-15 per second range When the animal was alerted by 
sensory stimulation, an “activation pattern” of irregular low voltage fast ac- 
tivity m the 20-40 per second range w’as seen, as previously reported by Rhein- 
berger and Jasper (280) With the onset of normffi sleep, regular and high am- 
plitude activity of 5-7 per second appeared occipitally, spmdle-hke formations 
of 14-16 per second appeared mdependently and asynchronously m the frontal 
poles, and finally random slow activity prevailed m all leads These were essen- 
tially the changes seen with the development of hght pentobarbital anesthesia 
How ever, in contrast to normal sleep, the typical actn ation pattern was less 
easily induced, and consisted of the superposition of fast activity upon the slow 
rhythms, together with a lessemng of the amphtude of the slow activity At sur- 
gical levels of anesthesia the EEG was no longer alterable by painful stimulation 
With still deeper anesthesia, qmescent periods appeared m the record, from w'hich 
emerged bursts of slow monophasic spmdles or isolated sharp waves At still 
deeper levels the record became completely flat, but even after prolonged mac- 
tivity of this type the normal EEG returned when the anesthetic wore off 

Numerous experiments have been devoted to the search for a mechanism of 
barbiturate action upon the EEG Bremer (37) found that vanous barbiturates 
admmistered to cats caused a type of cortical activity similar to that of natural 
sleep Smee the activity m moderate barbiturate anesthesia w as similar to that 
seen also after transection of the bram stem, was not modifiable by sensory stim- 
ulation, and show'ed rhythmic activity of higher voltage than m the w'akmg 
state, he concluded that barbiturates produced essentially a functional deaffer- 
entation of the cortex, permittmg it to discharge m a synchronized autonomous 
manner He recognized that the barbiturates must have some direct action upon 
the cortax itself, since there w as a decreased sensitivity to the effects of locally 
applied strychnme 
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In further analjsis of barbiturate action, Bremer (39) studied responses of the 
auditoiy cortex of the cat Normally these consist of a primary response and 
an afterdischarge to abrupt stimulation (handclap), and the appearance of 
higher frequencies at increased amplitude during continuous stimulation (uhis- 
tle) Barbiturate narcosis, like natural sleep, «as characterized bs retention of 
the primary response and loss of the afterdischarge follou ing handclap, and loss 
of the response to uhistle The results might be interpreted as indicating that 
barbiturate sedation left the cortex accessible to sensorj stimuli, but abolished 
reverberating discharges and modifiabilit} of cortical acti\it 3 '' h}' continuous 
stimulation 

Drohocki and Drohocka (90) made simultaneous records from cortex and 
vanous subcortical centers m several species of animals under pentobarbital or 
amytal anesthesia The^^ iiere impressed by the qualitatne change from loir 
xoltage fast actnit}’ of the waking state to high voltage slou uaves having 
many new properties unlike those of normal activitj Smce these qualitative 
changes occurred simultaneously m cortex and thalamus, they concluded that 
there was no specific locus of action of the barbiturates 

Hembecker and Bartley (178) attempted to define the mechanism of action 
of pentobarbital bj' studies at various levels of the nervous system They found 
that responses m the sensornnotor cortex of the rabbit evoked by stunulation 
of the saphenous nerve were depressed even m light pentobarbital anesthesia 
before notable changes occurred in the spontaneous cortical activity The late 
components of the evoked response attributable to stimulation of C fibers of 
the saphenous nerve were the first to be depressed, this suggests an electrical 
counterpart of the earl 3 ' obtundation of pam under hght anesthesia w hich leaves 
other sensory modalities intact The period of facilitation normally seen after 
local stimulation of the cortax was delayed and reduced m extent In the spmal 
cord of the turtle, reflex motor discharges elicited by stimulation of sensoiy 
trunks were regularK^ diminished m amplitude and duration, with only occa- 
sional evidence of a transient imtial excitator 3 ’’ effect Temporal summation and 
later facilitation were reduced m the excised superior cervical ganglion of the 
turtle The small unm 3 ehnated fibers of the v'agus in the ■turtle were the first to 
be blocked by pentobarbital, while the large myelmated fibers were the most 
resistant Spontaneous discharges from the ganghon cells of the hmulus heart 
were slowed by pentobarbital A vanety of effects were noted after the applica- 
tion of pentobarbital to frog sciatic nerve, mcludmg reduction m amphtude of 
spike and negativ e afterpotential, increased threshold, prolongation of absolute 
and relativ'e refractorv period, slowing of conduction velocity, and a shght de- 
crease m extent of accommodation Smce the concentrations used were mordi- 
nately high m all but the cortical observations, there might be some question 
concemmg the relev ance of these findmgs to the action of the barbiturate upon 
the bram However, the peripheral nerve data are compatible with the effects 
observed upon the cortex in that no excitatory effects w ere seen, thresholds were 
increased, recovery time delayed, facilitation reduced, and spontaneous rh 3 'thms 
slowed 
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A number of investigators have attempted to define the centers and anatomi- 
cal pathways involved m the elaboration of the several tj^es of electncal activity 
recorded from the cortex during the course of barbiturate action The simplest 
of these types would appear to be the highly localized, bnef, raonophasic, surface- 
positive response to sensory stimulation ivhich represents the invasion of the 
cortex by afferent impulses This response has been widely used m mapping the 
representation of body surface and special sense organs upon the cortex Mar- 
shall, Woolsey, and Bard (244), m the course of their topographical studies, 
noted that pentobarbital did not affect any of the characteristics of this primary 
response except for its recovery time, which was greatly prolonged Smce the 
pnmary response can be observed at any level of anesthesia and m the unanes- 
thetized anunal, it undoubtedly contributes to the recorded “spontaneous” 
activity as long as any sensory impulses are being propagated along the ascendmg 
tracts However, under deep pentobarbital anesthesia a mechanism has been 
described by Marshall and his collaborators which operates to limit the amount 
of sensory activity reacbmg the cortax Marshall ei al (243, 244) observed the 
effects of pentobarbital on responses evoked by discrete tactile stimulation of 
the hair of a forefoot of the cat At the level of the cortex, there was a prolonga- 
tion of the recovery tune (cf 198) and httle other change m the character of the 
highly localized primary response, a reduction m complauty of various second- 
ary reactions, and the loss of long-lastmg facihtation effects Marshall (243) 
found that the absolute unresponsive time w as prolonged at the thalamic level, 
rostral to the ventrolateral nucleus pars ectema, but not caudally, so that the 
normally amvmg contmuous barrage of lemmscus impulses tended to produce 
only grouped discharges after transmission through the thalamus 
In addition to the primary responses, sensory stimulation may set off several 
types of more generalized and drug-sensitive secondary discharges (243, 244) 
One of these has been described m more detail by Forbes and Monson (113) 
who studied the responses evoked in the cortex of the cat by sciatic nerve stimu- 
lation under conditions of relatively deep pentobarbital or dial anesthesia, when 
spontaneous activity was absent or consisted only of occasional slow bursts The 
evoked responses werfe characterized by bnef and relatively local primary re- 
sponses which contmued undimuushed with fairly rapid repetitive stimulation, 
and by more prolonged and generalized secondary discharges resembling the 
spontaneous bursts, which were characterized by easy fatiguabihty during rapid 
stimulation and a refractory penod of a second or more Thus it would appear 
that the relatively qmescent cortex under deep barbiturate anesthesia is not 
only still accessible to sensory impulses, but that these may set off generahzed 
secondary discharges of slow wave type, such discharges may also arise spon- 
taneously in the absence of apparent stimulation 
A further analysis of these secondary discharges has been made by Swank et 
al (310, 311, 312) who mvestigated the effects of amytal on cortical actmly of 
the dog’ In the normal restmg state these animals typically showed dominant 
25 per second activity, mixed with 12 per second activity which was more promi- 
nent postenorly, and 50 per second activity antenorly, the latter predommatmg 
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m states of enhanced a\citement Dunng the induction stage of amjdal narcosis, 
the faster activity disappeared first, v hile spindle activity occurred In deeper 
narcosis there ^vas a progressive slomng of dominant frequency, with least 
change m the motor area In deep surgical anesthesia the record was character- 
ized by alternating slov bursts and periods of mactivity, these periods of sup- 
pression occurrmg first m the occipital corta\ The suppression phenomenon 
could be partly ret ersed by admmistration of oxygen The S 3 Tichronized bursts 
of activity occurring at this level of anesthesia were shown to ongmate mdepend- 
ently m either hemisphere or m the lateral nuclei of either thalamus, and to be 
rapidlj propagated through both hemispheres in a few milliseconds Propagation 
between the hemispheres occurred by n ay of the corpus callosum, and mthm the 
hemispheres by v ay of the mtemal capsule and lateral portion of the thalamus 
The medial nuclei and massa mtermedia of the thalamus vere not involved, al- 
though these may pla}’’ an important role m cortical sjuichronization in lighter 
anesthesia (200) At this deep level of anesthesia fast activ itv uas still recorded 
independently in the pons and reticular formation of the midbram Cortical 
thresholds for evoked discharges were considerably raised at this stage and were 
particularly high at the end of each isolated burst, recovermg slowly over a pe- 
riod of several seconds Evoked afterdischarge could not be elicited ev en under 
hght anesthesia 

Swank et al attempted to ayplam their findings on the basis that barbiturates 
first depress the function of the smaller neurones, leaving onlj' activ ity w hich 
can ongmate and propagate m the largest cells, on the basis of the findmg of 
Hembecker and Bartley (178) that barbiturates first depressed small fibers m 
penpheral nerve and cord tracts However, their results illustrate duectlv- two 
other important actions of barbiturates, namely, mcrease m threshold and pro- 
longation of recov erj time 

These observations suggest the existence even m deep barbiturate anesthesia 
of a potential rev'erberatmg circuit mvolvmg cortex and lateral thalamic nuclei 
and capable of sjmchromzmg a large mass of bram tissue That the circuit fires 
only sporadically m deep anesthesia is easily axplamed by the slow recov erj 
time In hghter narcosis this limiting factor disappears, and high vmitage slow 
activity now' dommates the EEG 

As an alternative mechanism, the renew ers would like to suggest that the 
sporadically finng mechanism seen in deep narcosis becomes more highlj' frac- 
tionated as the recov'ery time is shortened toward normal, this results m the 
appearance of more asynchronous and superficially faster activity In studies 
of evoked cortical responses m the rabbit (315), the renew ers have followed the 
progress of the slow secondary component at all stages from deep barbiturate 
anesthesia to metrazol convulsions Even in the restmg untreated animal the 
slow component fires onl 3 ' once, and only with subconvulsive doses of metrazol 
does it develop the rhydlimic character expected of a reverberatmg circuit 
Therefore, it seems plausible to postulate that the action of barbiturates m slow - 
mg the grossly recorded EEG is neither the prolongation of the transit tune 
around a fixed circuit, nor the slowmg of an mtnnsic frequenc 3 ' of a sinusoidal 
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oscillator, but the obhgatory condensation of normally fractionated and asyn- 
chronous neurone populations by vutue of the delay m their recovery times 

As to the origin of the spindle type of activity appeanng m the EEG of the 
sensomnotor cortex under barbiturate sedation, Morison et al (255, 256) have 
shown that it contmues to occur m the thalamus, unilaterally or bilaterally, after 
bilateral removal of the cerebral cortex, which mdicates that reverberating 
cn-cuits through the cortex are not essential Obrador (263) has shown that the 
discharges are abolished by lesions limited to the h 3 ipothalamus and basal re- 
gions of the bram, and by lesions of the thalamus and thalamocortical pathways, 
but not by section of the bram stem (cf 37) Hoagland e( al (189) have shown 
that the hypothalamus is more resistant than the cortex to the slowmg effects of 
pentobarbital From these observations it would appear that the sensorimotor 
cortax passively received the spindle bursts from a more rugged system of thala- 
mic and hypothalamic nuclei This system may constitute a true reverberatmg 
circuit, smce trams of cortical spmdle activity rather than isolated spiJces are 
ehcited by single shocks delivered to the cortex m hght barbiturate anesthesia 
or even m the waking state (315) Why they should be relatively limited to the 
sensorimotor cortex and why they should be characteristic of only a limited 
range of sleep or anesthesia are unanswered questions 

An even more difficult problem concerns the origm of the generalized fast 
activity m light barbiturate anesthesia, particularly m man It may represent 
mtrmsic cortical activity, smce Bishop (26) and Chatfield and Dempsey (53) 
have found that frequencies faster than the alpha range persist after section of 
the thalamic radiations Activity even in the alpha range need not depend on 
subcortical reverberations, but may result from penodic summation m the cor- 
tex subjected to a constant subcortical bombardment of sublumnal impulses, 
according to the studies of Dempsey and Morison (85, 86) Ixnstiansen and 
Courtois (210) have recently shown that even isolated portions of cerebral cor- 
tex contmue to show 8-12/second discharges That at least the upper layers of 
cortex may behave relatively independently is mdicated m studies of their elec- 
trical activity and excitabihty by Adnan (1) and Rosenblueth and Cannon (285) 
However, it should be noted that thermocoagulation of the outer three layers 
does not abolish cortical activity m the alpha range of frequencies, accordmg to 
Dusser de Barenne and McCulloch (91) Pending a more precise localization of 
alpha and faster activity, it is not impossible that the fast waves of light bar- 
biturate anesthesia are of cortical origin and represent some degree of auto- 
rh 3 d;himcity 

A quite different mechanism for the mitially observed changes m hght bar- 
biturate anesthesia might be the progressive synchronization of afferent dis- 
charges by a slowmg of the recovery time of the thalamus, as shown by Marshall 
(243), coupled mth similar slowmg m the cortex This effect would tend to cause 
the appearance of recordable fast discharges from a previously completely asyn- 
chronous and therefore unrecorded background of arnving sensory impulses 
Whatever the anatomical localization of the faster activity may be, it cannot 
represent a fundamental change m cortical function, smce it may occur m the 
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presence of bttle or no impairment of consciousness, as previously noted The 
transformation of this state mto the quahtatively different electncal and psychic 
activity of sleep constitutes one of the most dramatic and challenging problems m 
neurophysiology 

In the entire foregoing descnption, there seems to be nothing incompatible 
with the view that the essential mechanisms of barbiturate action are mcreased 
recovery time and mcreased threshold for cerebral neurones m general, with a 
somewhat greater sensitivity of cortn\ than of diencephalic centers In this 
hght the various quahtative changes m the EEG should be looked upon not as the 
sudden appearance of an additional type of drug action, but as an a\pression of 
the functional organization of the brain itself, which can operate withm several 
semistable states of self-regulation, the state bemg detennmed m part by the 
prevaihng time and voltage parameters of evcitabihty, in part by the mflow of 
afferent impulses, and in part by some as yet unknowm perversities that char- 
acterize a machme evolved for learning and dreammg 

b General anesthetics Despite the wide use of general anesthetics, EEG 
studies have been relatively few In one of the first demonstrations of electncal 
activity m the bram of animals, Fleischl von Marxow (110) reported m 1890 
that the electrical activity of the cerebral cortex could be modified by chloroform 
In the first equivalent obserimtions on the human EEG, Berger (21) observed 
that the alpha waves m man were greatly mcreased m amplitude durmg the ex- 
citement phase of chloroform anesthesia, but that alpha activity w as abolished m 
surgical anesthesia noth chloroform 

The effects of ethyl ether have been studied m slightly more detail Gibbs, 
Gibbs and Lennax (136) noted m 1937 that durmg the early stages of ether anes- 
thesia there was first an mcrease m voltage m frequencies around 20 per second, 
with a dimmution in voltage in frequencies around 10 per second As consciousness 
was lost these high voltage fast w'aves disappeared, givmg wmy to high voltage 
slow waves at the rate of about 5 per second The latter gradually were reduced 
to a frequency of 1 per second, wath some persistent 10 to 20 per second activity 
superimposed, as surgical anesthesia was reached 

In contrast to ether, mduction with nitrous oxide does not appear to produce 
a pattern of fast activity Derbyshire et al (87) observed that the number of 
alpha waves per unit tune was decreased with mixtures up to 70 per cent nitrous 
oxide, first m the motor areas and subsequently m the occipital region Mixtures 
of 70 to 90 per cent nitrous oxide produced slowung of the pattern to 4-8 per 
second m most subjects, particularly evident m the motor area With pure nitrous 
oxide two possible patterns appeared A frequency of 2 5 per second wath an 
amphtude of 250 microvolts occurred if the mduction was rapid, but if the pa- 
tient had a slower mduction followed by pure nitrous oxide, an irregular delta 
pattern of about 40 microvolts was evoked Both patterns appeared simultane- 
ously w ith begmnmg cyanosis of the nail bed Wide mdividual variations of the 
EEG pattern were encountered for each particular mixture of mtrous oxide and 
oxygen In contrast, mixtures of mtrogen and oxygen produced no change m 
normal subjects when the oxygen content was above 10 per cent, however, 
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normal subjects exposed for a short tune to very low oxygen tensions showed an 
mcrease m voltage and the appearance of slow 4r-8 per second rhythms m the 
EEG Although the effects of mtrous oxide somewhat resemble those of anoxia, 
they are not simply the result of the relative anoxia frequently encountered during 
the use of this anesthetic agent 

The effects of cyclopropane on bram potentials m man u ere studied by Rubin 
and Freeman (291, 292) Imtially, after a mixture of cyclopropane (350 cc) and 
oxygen (250 cc per mmute) was breathed for one to tno mmutes, there was 
noted a decrease m frequency to 7-8 per second with an mcrease m amphtude of 
100 per cent or more At this stage the patient was in light anesthesia, with dis- 
appearance of the comeal reflexes The next stage was marked by an mcrease m 
amplitude, with the appearance of regular 3 per second naves at the onset of 
surgical anesthesia Electrocortical changes durmg recovery did not follow those 
observed during mduction If the subject was not kept m deep anesthesia more 
than 3 to 5 mmutes, the earl}’’ stages of recovery were extremely rapid When the 
patient nas allowed to breathe narm am, low voltage waves of nuxed frequency 
appeared immediately However, if the period of surgical anesthesia had been 
appreciably longer than 5 mmutes, upon substitution of n arm air for the cyclo- 
propane-oxygen mixture there nas further slowmg of frequency to less than 3 
per second, this nas attributed by the authors to reflex vasodilatation and con- 
sequent floodmg of the bram n ith mcreased amounts of cyclopropane The next 
stage of recovery was characterized by an mcrease m frequency to a predominate 
pattern of 18 per second with a decrease m amplitude, m some instances this 
stage i\as preceeed by a regular 7-8 per second rhythm The final stage was 
marked by a decrease m frequencies to 12-14 per second, i\ith eventual restora- 
tion of the normal wakmg pattern The amplitude and regularity of slow poten- 
tial changes durmg anesthesia were greatest m the frontal lobe, and were less 
regular and of lower amphtude posteriorly The 12-14 per second activity dur- 
mg recovery was most marked m the motor and pre-motor areas, where the wak- 
mg potential pattern w as first established after discontinuance of cyclopropane 
It IS certainly not clear to what extent the changes durmg recovery represent 
direct effects of the anesthetic as opposed to those of post-anesthetic sleep More 
detailed analysis of the mduction peiiod is desurable 

Laboratory observations with regard to the mfluence of general anesthetics 
on cortical potentials have been rather more extensive than clmical reports 
Beecher and McDonough (13, 14) studied m detail the effects of 17 anestlietics 
on cortical action potentials from the sensory areas m cats Two levels of anes- 
thesia w ere arbitrarily chosen the hghtest anesthesia which could be mamtamed 
without producing generalized muscular response on sciatic stimulation, and 
the level at which the flexion reflex just disappeared Thev were able to classify 
the anesthetics into two distinct groups The first consisted of those which were 
xolatile (exception for urethane) and of low molecular weight, these produced a 
dommant frequencj' under light anesthesia of more than 26 per second The 
second consisted of noni olatile anesthetics, mcludmg tnbromoethanol (ai ertin), 
evipal, paraldehyde, baibital, chloralosane and pentobarbital, these produced 
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high voltage 1-10 per second waves on winch faster activity of low voltage were 
supenmposed The high voltage slow naves appeared in bursts at 3 to 5 second 
intervals, each lasting 1 to 2 seconds kinesthesia mth the non-volatile agents 
more nearly resembled natural sleep than did that mduced by the volatile agents 
Central sciatic stimulation failed to alter cortical discharges under light or deep 
anesthesia with any of the non-volatile anesthetics, but under bght anesthesia 
mth the volatile group, such stimulation greatly mcreased the voltage of the 
cortical waves. 

Beecher (13) reported similar studies on a senes of alcohols, all of nhich be- 
haved like the volatile anesthetics mth respect to their effect on elcctncal corti- 
cal activity The pattern durmg light anesthesia was characterized by rapid 
small amphtude v aves, and an increase m voltage was elicited by sciatic stimu- 
lation The average frequency of the v\ aves n as mversely related to the anesthetic 
potency n hich in turn n as directly related to the molecular weight, except that 
the secondary and tertiary alcohols n ere more potent than the primary alcohols 

The effects of ether on the EEG of the dog have been analyzed by Swank and 
Watson (312) They foimd that the fastest activity (50 per second) m the nor- 
mal EEG was at first mcreased m amphtude by ether, beginning m the parietal 
area and then m the premotor area, while it was decreased m the motor area 
In deep anesthesia, low amphtude slow waves began to replace the fast activity 
concomitant with the disappearance of the comeal reflex Bursts of spmdle ac- 
tmty to that seen durmg light barbiturate anesthesia occurred during recovery 
phase, but smce these were also observed m the hemispheres of decerebrate am- 
mals which had fully recovered from ether anesthesia (37) and are a characteristic 
of the normal sleep record, the spmdJes should probably be attributed to post- 
anesthetic sleep rather than to the effect of ether itself Durmg the mduction 
and recovery stages of ether anesthesia, cortical thresholds for the ehcitation of 
after discharge (t e , seizure activity) w^ere lower than normal, particularly m the 
motor corte.x, but at surgical levels of anesthesia, afterdischarge could not be 
obtamed 

Forbes et al (112) observed mured fast and slow activity m hght ether anes- 
thesia m the EEG of the cat, revertmg to slow activity as the anesthetic was 
deepened, m contrast to the spmdle and high voltage slow sequence of pento- 
barbital or tnbromoethanol They were impressed by the parallellism between 
potentials evoked by sciatic stimulation and the spontaneous cortical activity 
at various levels of depression by these three drugs, and concluded that the 
anesthetics acted not merely by blockmg afferent impulses but by directly modi- 
fying the action of the cortex 

An mterestmg contrast between ether and barbiturates has been reported by 
Marshall, Woolsey and Bard (244) who noted that ether did not alter the thres- 
hold, latency or size of the primary response evoked m the somesthetic area of 
the cortex of the cat by tactile stimulation of the body surface Even with deep 
ether anesthesia the recoveiy tune was shorter than with pentobarbital, and 
with moderately hght ether it was relatively normal 

Possibly related to this difference between ether and barbiturates are some 
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observations of Bremer f39), who found that ether anesthesia depressed equally 
the primary and secondary responses of the auditory cortex of the cat to abrupt 
auditory stimulus, nithout altering the fast activity ivhich normally appeared 
in response to a contmuous whistle In contrast, the barbiturates abohshed the 
whistle and secondary responses in doses n hich did not impair the primary re- 
sponse With regard to the primary response, it should be noted that Marshall, 
Woolsey and Bard (244) did not find any reduction of amplitude under ether 
anesthesia, but found the action potential harder to identify and locahze be- 
cause of the background fast activity The differential effects of ether and bar- 
biturates on the nhistle response would seem to mdicate that ether does not 
impair the ability of the cortex to respond to stimulation of high frequency to 
the same extent as do the barbiturates 

Still another difference betw een ether and barbiturates has been reported by 
Forbes and Monson (113) They obsen’ed that ether added to preexistmg deep 
barbiturate anesthesia, up to the point ol lespiratory failure, abolished the sec- 
ondary cortical responses to peripheral ner\e stimulation without altering the 
pnmary response Deepening the barbiturate narcosis alone did not abolish the 
secondary responses These mvestigators bad previouslj shown that the second- 
ary discharges w ere not characteristic of deep other anesthesia The implications 
of their studies are tw o-fold first, that afferent impulses maj still reach the cor- 
tex at levels of ether or barbiturate anesthesia sufficient to abolish any sponta- 
neous activity of the cortex, secondly, that while the barbiturates may leave 
the cortex m a quiescent state from w hich secondary discharges may still be 
ehcited, ether has a more profound effect on the ability of the cortav to respond 
at all 

In an attempt to differentiate the mechanisms of action of ether and barbitu- 
rates on a more simple reflex system, Beechei et al (15) compared the effects of 
evipal and ether on flexion reflexes mediated through the spinal cord of the cat 
Ether did not prevent the development of sustained and cumulative responses 
to rapid reflex stimulation, in contrast to exipal which permitted only discrete 
responses to individual stimuli Likew'ise they found that afterdischarge follow - 
mg the cessation of stimulation was more seriously impaired under barbiturate 
anesthesia than under ether, and concluded that “long-circuiting” of sensory 
impulses along mtemuncial chains w as less curtailed by ether This explanation 
13 of course more descnptive than definitive, smce the possible actions leading 
to failure of mtemuncial reverberation are not taken into account One of these 
actions, prolongation of recovery time, has been a universal findmg with bar- 
biturates but not with ether 

The systematic investigations of Heinbecker and Bartley (178) on the mech- 
amsm of action of pentobarbital have already been discussed Parallel observa- 
tions on the effects of ether showed many similarities at all levels of the nervous 
system, but a few differences are w orthy of mention Ether increased while pen- 
tobarbital slightly decreased the extent of accommodation in frog sciatic nen'c 
The rhjrthmic discharge of impulses from neurones of the Limulus heart ganglion 
was typically accelerated by ether and slowed by pentobarbital Reflex dis- 
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charges initiated from the spinal cord of the turtle were initially mcreased m 
frequency and duration by ether, whereas pentobarbital usually had a progres- 
sive depressant effect mthout initial excitation Ether increased iihereas pento- 
barbital decreased the frequency of impulses m the phrenic nerve associated with 
respiration Ether mcreased the frequency of cortical spontaneous activity m 
the rabbit, m contrast to the sleep pattern seen after pentobarbital, and deeper 
ether anesthesia reduced the amphtude of the EEG progressively, the effect 
occumng earher m cortev than m thalamus The secondary period of facihta- 
tion foUovnng a cortical response to saphenous nerve stimulation occurred earher 
than normal with ether and was delayed by pentobarbital, although both drugs 
reduced the magnitude of the facilitation effect This latter phenomenon would 
seem to bear a more direct relation to the mcrease m cortical frequencies than to 
some of the other effects studied by Hembecker and Bartley At any rate it is 
of mterest to note that mcreased frequency of electrical rhythms and some evi- 
dence of an mitial excitatory effect of ether have been seen in other tissues than 
brain 

As to the basic mechanism of action of ether, Lorente de X6 (238) found that 
conduction block produced by ether m frog sciatic ner\'e was attnbutable to de- 
polarisation, but that the excitabihty of the blocked fibers could be restored if 
the membrane potential was artificially increased ton ard normal by an applied 
anodal current In the earhest stage of ether action there nas a tendency toward 
increased evcitabihty associate'd with an mcrease m membrane potential before 
the ultimate depolarmng effect set m That the excitabihty may eventually be 
progressively diminished by mcreasmg the ether concentration is suggested by 
the i\ ork of Wnght (347) who found that the exposure of mammahan peripheral 
nerves to ether vapor resulted m a progressive depolarization, loss of action 
potential amplitude, and mcrease m threshold The last named effect was unlike 
that of anoxia, which was found to have little effect on threshold until cntical 
depolanzation causmg conduction failure was achieved, at which pomt the 
threshold rose precipitously Ether m high concentrations blocked conduction 
wnth relatively httle change in membrane potential The effects of ether seemed 
to be mdependent of the presence or absence of o\j gen 
If ether acts primarily as a depolanzmg agent, it might also be expected to 
mcrease membrane permeability if the mechamsm of action were similar to that 
of potassium (193) However, Spiegel and Spiegel-Adolf (302) have concluded 
from conductivity measurements that the permeability of bram cells is decreased 
by ether and chloroform as well as by the barbiturate Dial Whether such meas- 
urements truly reflect changes m cell permeabihty might be questioned, smce de- 
creased neural activity itself, secondary to the anesthesia, might reduce the 
average permeabihty of bram cells by reducmg the number of impulses per umt 
time and therefore the number of occasions m which the membrane resistance is 
transitorily reduced It is hoped that m the future a large body of vahd observa- 
tions on the effects of drugs on restmg membrane resistance w lU be forthcoming, 
smce the concept of change m permeability has all too frequently been ini oked 
Without rigorous expenmental support 
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observations of Bremer (39), who found that ether anesthesia depressed equally 
the primary and secondary responses of the auditory corte\ of the cat to abrupt 
auditory stimulus, without altenng the fast activity ivhich normally appeared 
m response to a contmuous whistle In contrast, the barbiturates aboh^ed the 
uhistle and secondary responses m doses uhich did not impair the pri mar y re- 
sponse With regard to the primary response, it should be noted that Marshall, 
Woolsey and Bard (244) did not find any reduction of amplitude under ether 
anesthesia, but found the action potential harder to identify and localize be- 
cause of the background fast activity The differential effects of ether and bar- 
biturates on the nhistle response Mould seem to mdicate that ether does not 
impair the ability of the cortex to respond to stunulation of high frequency to 
the same extent as do the barbiturates 

Still another difference between ether and barbiturates has been reported by 
Forbes and hlonson (113) They observ’ed that ether added to preexisting deep 
barbiturate anesthesia, up to the point ol respiratoiy failure, abolished the sec- 
ondary cortical responses to peripheral nen e stimulation without altermg the 
primary response Deepenmg the barbiturate narcosis alone did not abolish the 
secondary responses These investigators had previously shown that the second- 
ary discharges irere not characteristic of deep other anesthesia The unphcations 
of their studies are tn o-fold first, that afferent impulses maj still reach the cor- 
tex at levels of ether or barbiturate anesthesia sufficient to abohsh any sponta- 
neous activity of the cortex, secondly, that nhile the barbiturates may leave 
the cortex m a quiescent state from uhich secondary discharges may still be 
elicited, ether has a more profound effect on the ability of the cortex to respond 
at all 

In an attempt to differentiate the mechanisms of action of ether and barbitu- 
rates on a more simple reflex system, Beecher et al (15) compared the effects of 
ex’ipal and ether on flexion reflexes mediated through the spinal cord of the cat 
Ether did not pre\ ent the development of sustamed and cumulative responses 
to rapid reflex stimulation, m contrast to exnpal which permitted only discrete 
responses to individual stimuli Likewise they found that afterdischarge follow - 
mg the cessation of stimulation was more seriously unpaired under barbiturate 
anesthesia than under ether, and concluded that “long-circuiting” of sensory 
impulses along mtemuncial chains w as less curtailed by ether This explanation 
18 of course more descriptive than defimtave, smce the possible actions leading 
to failure of mtemuncial reverberation are not taken mto account One of these 
actions, prolongation of recovery time, has been a universal findmg with bar- 
biturates but not wuth ether 

The systematic investigations of Hembecker and Bartley (178) on the mech- 
amsm of action of pentobaibital hax'e already been discussed Parallel observa- 
tions on the effects of ether showed many similarities at all levels of the nenmus 
system, but a few' differences are worthy of mention Ether mcreased while pen- 
tobarbital sbghtly decreased the extent of accommodation m frog sciatic nenie 
The rhythmic discharge of impulses from neurones of the Limulus heart ganglion 
was typically accelerated by ether and slowed by pentobarbital Reflex dis- 
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of statistical significance Other subjects with no previous history of addiction 
were given single doses of 12 to 15 nagm , sufficient to produce marked symptoms 
consistmg of nausea, vomitmg, lassitude and general depression without prelimi- 
nary excitement Two cases showed no EEG changes, and the third exhibited a 
typical sleep pattern three to four hours after mjection, although the patient 
was defimtely not asleep durmg recordmg Durmg this penod the alpha rhythm 
could be brought back temporarily by repeated hght or sound stimuh 

Andrews (7) also observed the effect of mependme m five patients who were 
previously addicted to opiates but had received no drug for at least six months 
An mitial dose of 100 mgm daily was given, and each subject then chose his own 
frequency and dose wi thin imposed limits of 1 J hours and 300 mgm. The EEG 
was recorded each week throughout the study penod and every fifteen days after 
withdrawal until the record returned to the pre-expenmental norm Early m the 
study, the EEG showed slow' waves which became progressively slower and of 
greater amphtude After withdrawal, the slow waves persisted for about 48 
hours, after which there w'as a progressive return to the onginal t3q3e of record 
When slow wave activity occurred m response to morphme, it was relatively 
slower but also more transient than that seen after mependme 

The effects of methadone have been studied by Isbell et al (197) Smgle doses 
of less than 30 mgm failed to produce significant changes m the EEG of normal 
subjects However, one subject showed a marked slowing of frequencies foUow'- 
mg 30 mgm of methadone No definite correlation could be made between the 
EEG changes and the sedation produced by the drug, but the degree of sedation 
was difficult to measure Similar EEG changes were seen m all patients receuung 
repeated smaller doses 

In contrast to these observations m man, Leimdorfer (214) has noted a ten- 
dency toward fast activity and spikmg m the EEG of cats given either morphme 
or mependme subcutaneously It should be recalled that m the cat the effects of 
morphme are predommantly axcitatoiy, wrth frequent occurrence of frank 
seizures 

Because of species differences m response to analgesics, it is difficult to relate 
the results of animal experimentation to the changes noted m the EEG of man. 
Wilder (338, 339, 340, 341) has made a careful study of the action of morphme 
at all levels of the central nervous system He found that morphme m relatively 
sm a l l doses enhanced two-neurone reflexes while depressmg multmeuronal re- 
sponses m the spinal cord of the cat In contrast, pentobarbital and ether de- 
pressed both types of response Eserme enhanced both types of discharge foUow- 
mg a small dose of morphme, but had no effect on the multmeuronal reflexes 
when given alone This findmg is of some mterest m view of a possible cbohner- 
gic action of morphme Observations of the mixed signs of excitation and depres- 
sion produced by morphme at vanous levels of the cerebrospinal axis led Wilder 
to conclude that this alkaloid produced selective depression of mtemeurones 
accompamed by release phenomena, and to suggest that species differences may 
pertam to differences m neural organization Until further evidence is forth- 
commg, it would seem wise to withhold judgment on the mechanism of action of 
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From the foregomg observations, it can be seen that among the general anes- 
thetics only ether has been analyzed sufBciently to permit some tentative con- 
clusions concenung mechanism of action The ultimate action of ether upon 
neurones is depolarization, but it is doubtful whether a depth of anesthesia suffi- 
cient to produce conduction failure by depolarization throughout the nervous 
system is ever reached It is not unlikely that a moderate degree of depolariza- 
tion 13 cntical for synaptic transmission m the cortax and occurs at hghter levels 
of anesthesia At any rate it may be stated with assurance that prolongation of 
recovery time is not an important factor m ether anesthesia 

The foUowmg picture of the effect of ether anesthesia on the EEG may now 
be synthesized Under light anesthesia, the frequency of spontaneous activity 
may be increased, concomitant with a shortenmg of the facihtation mterval 
and m accord with the action of ether on other nervous aggregates In spite of 
this effect and overridmg a moderate mcrease m excitabihty there may be a pro- 
gressive failure of sjmaptic transmission withm the cortex as the most sensitive 
synaptic regions partially depolarize Slow activity of low amphtude and prob- 
able subcortical ongm may appear, but not the high voltage discharges charac- 
teristic of barbiturate anesthesia, the subcortical reverberations represented by 
spmdles do not occur Eventually the cortex and related structures may become 
unresponsive m deepest ether anesthesia, but at this stage the afferent systems 
are still able to project to the cortex By more refined analysis, particularly of 
the extent of the depolarization effect, it should be possible to verify or reject 
this tentative conception and to evaluate the role of threshold changes mduced 
by ether 

c Analgesics The EEG effects of analgesics have generally been descnbed as 
slowmg of frequency or the appearance of sleep-like records Thus, accordmg to 
Gibbs et al (136, 141), the mtravenous administration of a smgle dose of mor- 
phme m normal subjects produces changes similar to those observed durmg 
normal sleep or followmg the administration of phenobarbital or pentothal Pa- 
tients receivmg morphine were found by Peterson et al (269) to have more slow 
wave EEG abnormalities than untreated patients m response to the same degree 
of anoxia at high altitudes 

The most extensive studies on the effects of morphme m addicted patients have 
been conducted by Andrews (6) His results show interestmg differences m re- 
sponse to morphme, apparently dependent on the pnor status of addiction For 
example, he studied a group of patients with previously well-established physical 
dependence on morphme In this group, folloivmg the withdrawal of all opiates 
and the appearance of the characteristic withdrawal syndrome, the admmistra- 
tion of sufficient morphine to prevent physiological signs of abstmence gave an 
abnormally high percent tune alpha Results were somewhat different m a group 
of post-addicts who had received no narcotics for at least one year In no case 
was there any significant change m the brain potential rhythms followmg mjec- 
tion of a smgle dose of 20 mgm of morphme sulphate, sufficient to produce mild 
stimulation However, there was a tendency for the occipital alpha blocking time 
to mcrease followmg mjection, an mcidence considered to be on the borderbne 
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of statistical sigruficance. Other subjects with no previous history of addiction 
wrere given sbgle doses of 12 to 15 mgm., sufficient to produce marked symptoms 
consistmg of nausea, vomitmg, lassitude and general depression wnthout prelimi- 
nary excitement. Tw o cases showed no EEG changes, and the third exhibited a 
typical sleep pattern three to four hours after mjection, although the patient 
was deffiutely not asleep durmg recordmg Dunng this penod the alpha rhythm 
could be brought back temporarily by repeated hgbt or sound stunuli. 

Andrews (7) also observed the effect of mependme m five patients who were 
previously addicted to opiates but had received no drug for at least six months 
An initial dose of 100 mgm daily was giv^en, and each subject then chose his own 
frequency and dose withm imposed limits of 1 J hours and 300 mgm The EEG 
was recorded each week throughout the study penod and everj' fifteen days after 
withdrawal until the record returned to the pre-expenmental norm Early m the 
study, the EEG showed slow waves which became progressively slower and of 
greater amphtude After withdrawal, the slow waves persisted for about 43 
hours, after which there was a progressive return to the onginal type of record 
When slow wave activity occurred m response to morphme, it was relatively 
slower but also more transient than that seen after mependme 

The effects of methadone have been studied by Isbell et at (197) Single doses 
of less than 30 mgm failed to produce significant changes m the EEG of normal 
subjects However, one subject showed a marked slowmg of frequencies follow- 
ing 30 mgm of methadone Is'o definite correlation could be made between the 
EEG changes and the sedation produced by the drug, but the degree of sedation 
was difficult to measure Similar EEG changes were seen m all patients recenmg 
repeated smaller doses 

In contrast to these observations m man, Leimdorfer (214) has noted a ten- 
dency toward fast activity and spikmg m the EEG of cats given either morphme 
or mependme subcutaneously It should be recalled that m the cat the effects of 
morphme are predominantly axcitatoiy, with frequent occurrence of frank 
seizures 

Because of species differences m response to analgesics, it is difficult to relate 
the results of animal axpenmentation to the changes noted m the EEG of man. 
Wilder (338, 339, 340, 341) has made a careful study of the action of morphme 
at all levels of the central nerv'ous system He found that morphme m relatively 
small doses enhanced two-neurone reflexes while depressmg multineuronal re- 
sponses in the spinal cord of the cat In contrast, pentobarbital and ether de- 
pressed both types of response Esenne enhanced both types of discharge follow- 
ing a small dose of morphme, but had no effect on the multmeuronal reflexes 
when given alone This finding is of some mterest m view of a possible cholmer- 
gic action of morphme Observations of the mixed signs of avcitation and depres- 
sion produced by moiphme at various levels of the cerebrospmal axis led Wilder 
to conclude that this a l kal oid produced selective depression of mtemeurones 
accompamed by release phenomena, and to suggest that species differences may 
pertam to differences m neural organization. Until further evidence is forth- 
commg, it would seem wise to withhold judgment on the mechanism of action of 
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morphine and other analgesics on the EEG, and the possible relationship of those 
effects to analgesia 

d Alcohol Reports on the effects of ethyl alcohol upon the EEG have usually 
described a slowmg of activity Thus Loomis, Harvey and Hobart (237) noted 
an mcrease m amplitude of bram potentials and slowmg of the rhythm during al- 
cohohc stupor Engel el al (99), m a study of normal subjects and chronic alco- 
holics durmg acute mtovication, observed progressive slowmg of the bram va\e 3 
accompanymg the development of mtovication The degree of slowmg produced 
a more reliable mdex of mtoxication than the development of any particular 
frequencies The mean frequency of the EEG was decreased by two to three 
cycles per second m association with mtoxication Patients who had abnormally 
fast records showed more normal discharges durmg mtoxication With recovery 
the EEGs returned to the pre-mtoxication status Very close correlation was 
demonstrated between the EEG and the level of consciousness, but no correla- 
tion was evident with vanous aspects of behavior Greenblatt et cH (161) re- 
ported an mcidence of 24 per cent abnormal EEGs among 157 patients with 
chrome alcohohsm, alcohohe psychoses and alcoholic convulsions An mcreasmg 
mcidence of dysrhythmias was found when the various chronic alcoholic disor- 
ders were roughly classified accordmg to the seventy of the clmical picture, the 
chronicity of symptoms, and the assumed seventy and extent of damage to the 
bram Seventeen per cent of those with “rum fits” or seizures associated with 
alcohohsm had abnormal records, a lower mcidence than for the group as a 
whole 

Somewhat related observations were made by Kaufman et al (204) who ad- 
ministered 40 to 150 cc of 10 per cent alcohol mtravenously over a penod of 2 
to 3 mmutes to 16 patients All mdividuals exammed showed clmical evidence 
of alcohoho mtoxication In four instances the alcohol level reached 100 to 150 
mgm per cent No alterations m the EEG patterns were observed m four non- 
epileptics The epileptic group showed mcreasmg prommence of the alpha 
rhythm, and previously abnormal activity decreased That the rate of develop- 
ment of alcohohe mtoxication is a factor m the relative preponderance of EEG 
over clmical signs is suggested by a comparison of these results with those of 
Davis et al (83) who studied the effects of alcohol on the EEG and on psycho- 
metne performance m six normal male subjects Usmg a Grass analyzer for 
quantitation of the frequency components of the EEG, they found that low 
concentrations of alcohol reduced activity particularly m the range of 10 to 13 
cycles per second With higher concentrations, episodes of slow waves of 4-8 
per second appeared m the frequency spectrum There was a defimte impair- 
ment of the subjects’ performance m psychometric tests at the higher blood con- 
centrations of alcohol (125 to 140 mgm %), but the EEG contmued to show ab- 
normahties for some time after recovery of intellectual functions 

In regard to possible mechanisms of action of alcohol, Wright (347) found 
that exposure of mammalian peripheral nerves to alcohol vapor resulted in a 
concomitant reduction m membrane potential and action potential amphtude, 
associated with a progressive nse m threshold The last-named effect vas in 
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contrast to that of anovia, in which condition the threshold n as found to remain 
relatively constant until a cntical value of depolarization ivas reached and con- 
duction failure supervened, at which point the threshold rose precipitously 
Thus, although alcohol produces a progressive slowmg of the EEG not unlike 
that of anoxia, it should not be concluded that the mechanisms are identical 
Further research upon the bram itself ii ould be required to determine the rela- 
tive importance of the threshold-raismg and depolarizing effects of ethyl alco- 
hol, and it IS not impossible that still other changes as yet unini estigated may 
play a role in the progressive slon mg of cortical frequencies 
e Anticonvulsants It has non become established mth fair certainty that 
drugs used m the treatment of convulsive disorders need not have a depressant 
action upon the central nervous system (321), and therefore it is not surprismg 
that there are no universal EEG findings durmg anticonvulsant medication 
equivalent to those seen, for example, mth adequate doses of the various seda- 
tives 

Two distmct types of EEG change should be taken mto account m any discus- 
sion of the anticonvulsants The first is the alteration m the cortical electrical 
activity of normal subjects, or m normal interseizure records of patients of 
abnormal EEG manifestations These two categones seem to involve mecha- 
nisms sufficiently different to ment separate consideration 
Bromide, the oldest of the effective antiepileptic agents, might be expected to 
produce EEG alterations when the concentration m body fluids is sufficient to 
produce psychic distiurbances Smce the therapeutic margm of safety is relatively 
narrow m the treatment of epdepsy with bromide, and because of the wide and 
unregulated use of this amon, the central manifestations of bromide mtoxica- 
tion are frequently encountered In a senes of cases obsenud by Greenblatt et al 
(162), 18 per cent of patients showed some EEG abnormalities with serum bro- 
mide concentrations of 100 mgm per cent, 88 per cent, wuth levels of 200 mgm 
per cent or abo\ e Concentrations above 200 mgm per cent were usually associ- 
ated with diffuse slow activity, a typical findmg bemg irregular high voltage 2-5 
per second waves Patients m this range w ere confused and marticulate At 180 
mgm per cent, fast activity w as seen to be mixed mth the slow component, w hile 
at 160 mgm per cent the frequency was predominantly m the 12-25 per second 
range, similar to that reported by others for a moderate degree of barbiturate 
mtoxication The appearance of fast activity durmg the dechne of the serum 
bromide level was associated mth a progressive improvement m mental clariti' 
Below 100 mgm per cent, only occasional abnormaUties were seen Considerable 
mdividual variation was noted m the relationship between serum bromide lex el, 
degree of EEG abnormahty and psychic impaument m this group of patients 
However, the general correspondence between bromide concentration and inci- 
dence of EEG abnormahties confirms the previous studies of Rubm and Cohen 
(288), and the extreme changes obserx'ed m chrome mtoxication are similar to 
those reported bj* Lennox el al (224) for mtrai enous administration of sodium 
bromide 

The barbilurates hax e already been discussed m detail, but it might be in order 
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to reiterate that fast activity and to a lesser extent slow or mixed patterns are 
frequently seen with phenobarbital and other barbiturate therapy used m con- 
vulsive disorders M Lennox (216) has pomted out the importance of recogniz- 
mg these effects m the evaluation of EEG recordmgs m epileptic patients, smce 
the dysrhythmia may otherwise be mistakenly considered a sign of the disorder 
rather than of the treatment 

The literature seems to be remarkably free of descnptions of EEG changes 
produced by diphenylhydantoin except upon preexistmg dysrh 3 dhmias, which 
probably attests to the well-known lack of sedative effect and fair margm of 
safety of this substance However, the same cannot be said of the related hydan- 
tom, mesanUnn (3-methyl-5, 5-phenyl ethyl hydantom), vhich exhibits sedative 
side-effects m sufficient dosage Little (234) has observed consistent changes m 
the EEG of patients undergomg treatment with mesantom, m contrast to the 
lack of EEG effect of therapeutic doses of diphenylhy dn.n f.nin The chajiges were 
observed particularly with mesantom doses of 0 4 gm /day or greater, and m 
order of decreasmg mcidence mcluded mcrease m fast activity, decrease m alpha 
rhythm, and decrease m slow activity Only 12 per cent of their patients failed 
to show a demonstrable EEG effect of mesantom The changes were closely cor- 
related with dosage and duration of administration of the drug, but not with 
other factors m the patient’s history 

Although the oxazolidme-2,4-dione3, inmethadxone and paradione (3,5-di- 
methyl-5-ethyl oxazohdme-2,4-dione), have not been reported clmically to pro- 
duce consistent and significant EEG changes other than upon preexistmg abnor- 
malities, animal experiments mdicate that doses of tnmethadione sufficient to 
produce sedation cause t 3 qncal sleep records, with bursts of spmdles against a 
background of slow activity (155) In this respect trimethadione resembles the 
barbiturates The authors (78) and Perlstem (267) have noted a tendency m pa- 
tients toward fast activity similar to that seen with barbiturates 

In spite of its chemical relationship to the hydantoms, phenurone (phenacetyl- 
urea) produces sedative effects similar to those of the barbiturates (134) It will 
be mterestmg to note whether further EEG experience places this new anticon- 
vulsant among those producmg mitial fast activity 

Whether to classify glutamic acid as an anticonvulsant is a controversial pomt, 
even though Pnce et al (277) have reported some clinical benefit m petit mal 
Wager (324) failed to find that the frequency of clmical seizures m a group of 6 
adult epileptics was matenally infiuenced by nme grams of glutamic acid per 
day for 30 days, but reported that “electroencephalographically it was not un- 
us^ to observe an mcrease m recorded defimtion of photic dnve responses and 
an equally noticeable removal or reduction m the recorded post-ictal psychomo- 
tor penod ” The nature of these changes is not immediately evident Even the 
largest quantities of glutamic acid which could be safely admmistered to lab- 
oratory anunals have been found meffective in changmg either normal or metra- 
zol-modilied EEG, neither did they produce any demonstrable anticonvulsant 

effect (157) x j „ 

From this mcomplete survey of the clmically effective anticonvulsant drugs 
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the chief conclusion to be drawn is that abnormahties may be produced by those 
agents having central side-actions such as sedation, and that these changes 
should be considered m the evaluation of records of patients receiving anticon- 
vulsant therapy 

The second category of action of anticon\ulsants, namely, their ability to 
improve the abnormal EEG, seems to vary ivith regard both to the character of 
the convulsive disorder and to the type of treatment Although the EEG often 
shous dramatic improvement associated inth chnical remission, it is also fre- 
quently found that the clmical picture improves while the EEG remains rela- 
tively abnormal (194, 220, 242, 283). These discrepancies have usually been re- 
ported m cases of grand mal or psychomotor seizures imder treatment with 
barbiturates or hydantoins If any general rule can be deduced from the plethora 
of clmical observations, it would be that frank seizures may be aborted by ther- 
apy m spite of persistmg e.\cessive discharge m the mterseizure EEG This 
would seem to mdicate that some anticonvulsants may act to a considerable ex- 
tent upon normal bram cells to protect them against mvasion by seizure activity 
from hyperactive foci Such a phenomenon has been noted by the review ers (321), 
who observed a number of cases m w'hich a previously diffusely abnormal EEG 
improved considerably under anticonvulsant therapy, but left a focus of par- 
oxysmal discharge more sharply defined than before Diphenylhydantom in 
particular produced this effect The most likely explanation would be that in 
some cases the anticonvulsant so alters the properties of normal neurones that 
they can no longer be secondanly involved m discharges from the epileptogemc 
lesion, even though the mjured cells of the lesion itself contmue to fire e.xces- 
sively 

There are also occasional reports of a salutary effect of anticonvulsant therapy 
upon dysrhythmias other than those associated w ith frank convulsive disorders 
Thus, diphenylhydantom was found by Lmdsley and Henry (231) to reduce 
frontal slow activity without producmg other EEG changes m children with be- 
havior disorders There was some improvement m personality but it was not 
w'ell correlated wuth the EEG changes 

In contrast to the variable actions of hydantoins and barbiturates upon the 
abnormal EEG, the oxazolidme-2,4-diones have been generally reported to pro- 
duce a specific depression of the spike and some dysrhythmia characteristic of 
the petit mal triad (pyknoepilepsy, akinetic seizures, myochnus), and there is a 
good correlation betiveen EEG improvement and chnical remission This is well 
illustrated by the observations of Lennox (222) He studied 100 cases of epilepsy, 
59 of which had petit mal and w'cre treated with tnmethadione or paradione 
Of 22 patients m the petit mal group who were rendered seizure-free, the EEGs of 
72 per cent contamed no spike and wave discharges, whereas none of 13 cases 
without clinical improvement had an improved EEG Forty-mne patients with 
grand mal or p^chomotor epilepsy were treated with phenobarbital, diphenyl- 
hydantom or mesantom Of 16 who were rendered seizure-free, the EEGs became 
normal m only 31 per cent and were unimproved m 21 per cent Of 18 patients 
who reported fewer attacks, 11 per cent had normal tracmgs Seventy-three per 



450 


JAMES E P TOJLUJ AND JEAN DAVIS 


cent of those with petit mal showed agreement between clinical and EEG results, 
compared with 57 per cent for other types of seizures In two thirds of the cases, 
when seizures were absent, unproved or unimproved, the EEGs were normal, 
impro-ved or ununproved, respectively Although more specific effects of mdi- 
vidual drugs were not noted m this study, the tabulation indicates a general 
tendency for seizures and EEG to follow a parallel course 

The clinical and electroencephalographic specificity of action of trimethadione 
in petit mal has been confirmed by a number of mvestigators (79, 155, 221, 265, 
266, 268, 299) To a lesser extent trimethadione has been found to suppress other 
types of dysrhythmia Perlstem (266) has presented evidence to show that elimi- 
nation of seizure discharges not only of petit mal but also of psychomotor types 
and of focal fast activity may result from trimethadione therapy Belnap ei al 
(16) treated seven consecutive patients who had frequent grand mal seizures 
and spontaneous slow -wave dysrhythmia with a combmation of trimethadione 
and diphenylhydantom The mitial dysrh 3 dhmia was focal m tivo cases, bilater- 
ally symmetrical frontal m three and diffuse m two Prompt and complete chm- 
cal remission was obtamed m six patients (with 1 to 9 months follow-up) Of the 
SIX patients, the EEG returned to normal m four and was improved in tno 

That trimethadione may exacerbate EEG dysrhythmias m certam cases has 
also been noted (155), the effect is particularly striking m some patients durmg 
the first day of therapy of petit mal, and is associated with an mcreased seizure 
frequency However, tnmethadione has not been found to produce activation of 
latent dysrhythmias, accordmg to ICaufmann et al (204) W'ho admmistered 50 
to 500 mgm of trimethadione mtravenously m 18 patients with post-traumatic 
epilepsy in an attempt to localize a focus of abnormal activity They found no 
noticeable effect on the EEG m any instance 

In addition to the ability of anticonvulsants to abolish convulsive discharges 
completely or to restnct their spatial spread over the hemispheres, certam other 
manifestations of protective action may be seen For example, Lennox et al 
(224) noted, in occasional petit mal cases which responded to sodium bromide 
or phenobarbital, that the spike and wave episodes were sometimes reduced m 
frequency of occurrence, shortened m duration and distorted m pattern With 
trimethadione, the reviewers have observed two mterestmg types of intermediate 
modification of the spike and wave EEG In some patients the recurrent 3 per 
second pattern may be replaced by isolated smgle wave and spike complexes 
In others, the rhythmicity may be retamed but the spike component disappears, 
leavmg episodes of regular slow w nves Finally, all mvestigators seem to be in 
agreement that in the usual case of petit mal the paroxysmal d 3 ^rhythraia is 
much harder to elicit by hyperventilation when the patient is under tmnethadi- 
one therapy (221) 

The mterpretation of the favorable action of anticonvulsants upon the ab- 
normal EEG would require a better understandmg of the nature of the convul- 
sive discharges themselves The records of Adrian and Moruzzi (3) from smgle 
fibers of the pyramidal tract of the cat strongly suggest that convulsive dis- 
charges from the motor cortex are charactenzed by trams of unpulses at lerj' 
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high frequency, and that these may be ehcited bj evcessive or repeated stimula- 
tion or by the appbcation of convrJsant drugs The reviewers (316) have studied 
a similar phenomenon m penpheral nerve and found that pre-treatment with 
relatively low concentrations of the common anticommlsant drugs protect 
against this effect Part of this action was found to involve the prevention of ab- 
normal lowermg of threshold by evcessive stimulation or treatment with excitant 
agents In the case of diphenylhydantom, the action was exhibited at concentra- 
tions far lower than those necessary to modify other measurable properties of 
nerve If penpheral nen e data are transferrable to cerebral cortex, it is easy to 
see that action upon abnormal EEG discharges may occur inthout necessarj' 
modification of the background mterseizure record or of normal function may be 
achieved The question has been considered m a previous renew (321) 

In summary, there are two general types of action of anticonvulsants upon 
the EEG On the one hand, there are effects upon the normal EEG w hich may 
be characteristic of the side-actions of the drug and are more specific for the 
drug than for the anticoniulsant action On the other hand, there are the effects 
upon the abnormal EEG associated with convulsive disorders, these are mani- 
fested either as complete suppression of the parox-ysmal dysrhyfhmia, or its 
modification by shortemng the paroxysm, slowmg of the frequency and dismte- 
gration of the rhythm of discharge, change m the abnormal wave form, or de- 
crease in the evocability of the EEG signs by such activation procedures as hy- 
pen'entilation Although there are probably several mechanisms by which these 
ends maj be achieved — mecharusms which determme the clinical specificity of 
the anticonvulsants — the general modus operandt of these drugs may be the sta- 
bilization of neuronal threshold against excessive stimulation or excitmg agents 
m such a way as to prevent excessive facihtation and discharge of impulses at 
high frequency 

f Miscellaneous depressants Other than the specific drug groups already 
considered, there are a number of agents, such as paraldehyde and chloral hy- 
drate, which could also be loosely classified as central depressants To the extent 
that they haxu sedative action, they appear to produce EEG effects like those 
of normal sleep (21, 136, 224), and m this respect resemble the barbiturates 

One group of central depressants which has attracted recent mterest mcludes 
those which have a selective action against certam nonconvulsive motor manifes- 
tations of hj^peractivity such as chorea, athetosis, tremor, etc Among the more 
effective of these so-called “anti-Parkinsonism” agents is myanesin, which has 
been reported particularly effective m rehevmg mvoluntar}' movements of the 
type seen in paralysis agitans (18, 19, 295) Stephen and Chandy (305) recorded 
the EEG tracmgs durmg the mtravenous administration of 30 mgm /kg , a dose 
which abolished mvoluntarj* movements m paralysis agitans and stopped mtract- 
able pam of thalaime origin for short penods of time There was no sigmficant 
alteration m EEG actmty except an mcreased alpha rhythm in certam cases 
■with mcreased nervous tension, an observation suggestmg general relaxation 
No slow waves mdicative of possible cortical depression appeared, but m one 
case “abnormal waves’’ were recorded from the base of the brain, they disap- 
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peared with remission of chnicaJ signs and symptoms Gammon and Churchill 
(118) found no alteration of normal EEG patterns with doses of myanesm which 
abolished the tremors of Parkmsomsm or suppressed choreoathetotic movements 
However, m six cases of petit mal without generahzed seizures, the spike and 
wave discharges were abolished Convulsive states with focal cortical abnormali- 
ties and two cases of "petit mal vanant" associated with generalized seizures, 
supposedly the result of bram damage, were unaffected by myanesm 

Expenmen tal annual studies (317) mdicate that quantities of myanesm suffi- 
cient to produce generalized muscle relaxation, particularly of the hindlunb and 
abdommal musculature, may cause the appearance of sleep activity m the EEG, 
but the extent of loss of muscular tone is considerably greater than that seen 
with an amount of a rapidly actmg barbiturate causmg an equivalent EEG 
change That the EEG changes may be irrelevant to the basic action of centrally 
effective muscular relaxants is illustrated by benzimidazole, which can produce 
an extreme loss of tone with no observable change m the EEG (147) Observa- 
tfons on penpheral nerve and on brains of animals mdicate that these agents act 
by raismg threshold rather than by altenng the membrane potential, put the pre- 
cise mechanism of their apparent specificity as muscle relaxants is still to be elu- 
cidated (317) 

2 Predominantly exatant drugs The drugs which axhibit a predominantly 
excitatory effect upon the central nervous system vary widely m the degree and 
kmd of excitation they produce Some agents, such as metrazol and picrotoxm, 
may produce full convulsive seizures and correspondmg EEG signs of paroxys- 
mal hyperdischarge, whereas others, such as amphetamme, produce a relatively 
mild analeptic effect which is best observed against a background of central 
depression produced by other drugs Thus it is not surpnsmg that there is no 
uniform EEG manifestation of the action of central stimulants 

a Strychnme Strychnine is among the most ancient of the central stimulants 
and has received experimental attention and wide climcal usage far out of pro- 
portion to its therapeutic value Its most stnkmg central action m man and 
(^niTnnl.q is the production of hyperexcitability of the spmal cord so that stimula- 
tion which would ordmanly produce only localized responses, or even inhibition 
of reflexes, is capable of evokmg massive and diffuse tonic spasms of the body 
musculature (148) However, its excitant effects are not restncted to the cord 


but are also seen at higher levels 

The EEG manifestations of strychnme poisonmg have not been adequately 
mvestigated m man (136), but considerable mformation has been denved from 
work with axperimental anunals Bremer (38) reported that topical application 
of strychnine to the cortex of the cat at first produced an amplification of the 
preexistmg spontaneous rhythm, but eventually this background activity be- 
came weaker and high voltage, highly synchronized spikes appeared, initially in 
isolation and then m trains As with other types of convulsive discharge ttese 
were followed by a penod of functional depression lasting many minutes Adrian 
and Moruzzi (3) found that the strychnme spikes recorded from the motor cor- 
tex of the cat after topical apphcation of the drug were associated with bursts of 
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impulses m mdividual pyramidal fibers at frequencies greater than 1000 per sec- 
ond After sjstemic administration of strychnme to cats and rabbits, Hembecker 
and Bartley (177) recorded an initial increase m frequency and amplitude of 
cortical activity, follow ed by the appearance of high voltage synchronized dis- 
charges The threshold for responses evoked from the corta\ by sciatic stimula- 
tion was somewhat reduced by strychnme, and the late components of the 
evoked potential w ere dramatically mcreased m size In addition, the penod of 
facihtation follow mg a smgle response was considerably prolonged These cortical 
effects could be abolished by calcium gluconate 

The early hterature on the mechanism of action of strychnme has been re- 
viewed by Dusser de Barenne (90a), whose own w ork seems to demonstrate a 
selective excitant action of strychnme upon cell bodies This action has been 
widely exploited by Dusser de Barenne and his colleagues (cf 246) in neurono- 
graphic mappmg of the mterrelation between various cortical areas and subcorti- 
cal structures, smce after topical application of the drug the excessive firmg 
manifested by strychnmized cell somata is propagated to other parts of the bram 
by the terminations of the activated neurones 

Systematic investigation of the actions of strjmhnme on vanous levels of the 
nervous system has been made by Hembecker and Bartley (177) They noted 
two significant effects of relatively low concentrations upon peripheral nerve, 
namely, a lowermg of threshold and a decrease m the degree of accommodation 
In isolated autonomic ganglia they observed an increase m excitability and a 
great prolongation of the penod of enhanced excitability following an madequate 
preganglionic volley Reflex discharges obtamed from the spmal cord w ere char- 
acterized by a great prolongation of the period of finng follow mg a smgle afferent 
shock The effect was greatest when both dorsal and ventral quadrants were 
strychnmized, it was still apparent when the ventral surface only was treated, 
but was absent when the drug was applied only to the dorsal horn These results 
on the cord were essentially similar to the findmgs of Dusser de Barenne (90a), 
who had also shown a hypersensitivity of the body segments innervated by the 
dorsal surface of a strychnmized portion of cord, but an absence of tetanic reflex 
contractions unless the ventral surface w as also treated Hembecker and Bartley 
demonstrated an mcrease m the frequency, amplitude and duration of dis- 
charges from the pacemaker neurones of the limulus heart treated with strych- 
nme 

Smce strychnme acts upon many types of neurones both to cause a moderate 
mcrease m excitability and to prolong the duration and mcrease the frequency of 
trains of impulses from the excited cells, possibly by reducmg accommodation, 
it does not seem necessary to postulate additional mechanisms for the appear- 
ance of strychnme spikes m the EEG Each stiychnme spike may be considered 
to be a synchronized composite of high frequency discharges from mdividual 
neurones with periods of recovery mteivenmg between the summated bursts 
It would be mterestmg to know to what extent the high degree of synchroniza- 
tion shown m each burst is predicated on a loss of cortical inhibition, particularly 
smce the failure of inhibition is known to be so pronounced at the spmal level 
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Also, the role of loss of accoromodation m this phenomenon would be worth 
further study 

b Metrazol Metrazol differs from strychnme m havmg its most pronounced 
effects upon the higher centers of the bram rather than upon the cord, and m 
producmg complete tonic-clomc convulsions rather than brief tome spasms Its 
chief valid uses m the past have been m the shock therapy of psychoses and as a 
cerebral and respiratory stimulant to combat the effects of central depressant 
drugs Of greater mterest to electroencephalographers is the recent use of metra- 
zol as an "activatmg” agent for latent dysrhythmias Kaufman ei al (204, 206) 
have reviewed various methods now used clmically to ehcit abnormahties m the 
EEG, particularly m patients with suspected convulsive disorders Metrazol 
has been used more than other convulsant drugs for the purpose of provokmg 
paro\ 3 fsmal discharges m susceptible mdividuals, and at least some epileptic 
patients have abnormally low thresholds for metrazol activation Ziskmd and 
Bercel (348, 349) have been foremost m usmg the Tmnimnl threshold quantity 
of metrazol as a diagnostic procedure to ehcit EEG abnormahties The typical 
minimal activation pattern was found to consist of high voltage 4-5 per second 
oscillations occurrmg m bursts Unfortimately these bursts tend to be generalized 
even in the presence of well-defined foci, and the techmc is of no unusual ad- 
vantage m locahzation 

Because of the current mterest m activation procedures, it is worthwhile to 
mention some of the more detailed observations made by the above mvestigators 
A studj of 25 epileptics with a pre liminar y normal EEG (348) showed that the 
average mmimal dose of metrazol for evokmg EEG changes was 2 3 cc of a 10 
per cent solution, for non-epileptics, 3 4 cc However, there was considerable 
overlappmg of the two groups Records obtained from epileptics before and after 
the administration of 1 or 2 doses of 0 1 gram of phenobarbital and 0 1 gram of 
diphenj'lhydantom showed a defimte nse m threshold In patients with sponta- 
neous larval “spike and wave” attacks, the paraxysmal record was veiy sensitive 
to the mtravenous mjection of either sodium phenobarbital or tnmethadione, 
i\hich obhterated or greatly d iminish ed the abnormal discharges Hyperventila- 
tion and sub-convulsive doses of metrazol readily reproduced these larval at- 
tacks and restored the same pattern which was present m the prehmmary record 
Kaufman et al (204, 205), m a study of metrazol activation m post-traumatic 
epilepsy, administered 2 cc of a 10 per cent solution mtravenously as rapidly as 
possible dunng EEG recordmg, and produced locahzed alterations m the corti- 
cal rhjdihms m 60 per cent of 97 patients Focal changes mcluded slow waves 
and smgle or multiple spikes, givmg the appearance of a localized EEG seizure 
Ten per cent of patients showed generahzed alterations consistmg of smgle or 
multiple slow waves or spikes appealing sunultaneously from several areas of the 
head A small percentage of the patients exammed expenenced sensory aura or 
motor piodromata The seizure mduced by metrazol had the characteristics of 
the patient’s ordinary attacks In approxunately one-half the attack remamed 
Confined to one portion of the body as a focal convulsion Patients on anticon- 
vulsant therapy showed a lower incidence of activation, and none of them had 
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clinical convulsions with the dosage used Intramuscular administration nas 
found to be less effective than mtravenous admmistration in producmg chnical 
seizures and m localizing an epileptogenic focus 
The use of metrazol in convulsive therapy has also led to sporadic studies of 
the associated EEG changes (84, 306) These are usually reported to be similar 
to the patterns occurring during spontaneous convulsions Post-seizure EEGs 
taken for several months followmg a senes of metrazol convulsions have shown 
residual disturbances m as many as 50 per cent of patients, associated with 
evidences of impaired cerebral function lasting sometimes as long as six months 
(207, 227) The reported EEG abnormahties mclude slow activity rangmg down 
to 3 per second, bicuspid and dicrotic naves, spike and wave formations and 
greatly mcreased amphtude Presumably these persistent changes are the result 
of the cumulative effects of a senes of seizures honever produced, and have no 
special significance for the action of metrazol 
The EEG changes produced by metrazol m axpenmental animals have received 
considerable attention and have found a practical apphcation m investigations 
of the protective action of anticonvulsants (155, 315, 317, 320, 322, 348, 349) 
In rabbits, approximately one half of a convulsive dose of metrazol produces a 
dysrhythrma characterized by bursts of smooth 5 per second uaves of high volt- 
age, usually with a small spike component which gives the record the superficial 
appearance of a petit mal spike and wave burst The spike is more promment 
in rats and monkey’s and is the dominant feature of the discharge m cats In rab- 
bits the metrazol threshold for this type of discharge is lowest for the auditory 
co»te\, next for the visual cortex, and higher still for the rostral sensorimotor 
cortex When the bursts occur mtermittently, they are usually associated with 
quiescence of the animal, and are easily abohshed durmg spontaneous movements 
or sensoiy stimulation Larger doses of metrazol lead to the development of a 
contmuous dysrhythmia of this type, but until the discharge has become con- 
tmuous m the rostral cortex there are no overt convulsive manifestations and 
no gross evidences of excitation except for hyperpnea The onset of a seizure is 
usually heralded by the appearance of groups of high voltage spikes particularly 
in the motor cortax, associated with dome movements, and this is then followed 
typically by the development of a full chnical and EEG tonic-clomc seizure 
Such an EEG pattern provides an mterestmg preparation for the study of 
anticonvulsant drug action (320) Tnmethadione has been found highly effective 
and specific m raismg the metrazol threshold for these discharges, but all the 
barbiturates which have been studied are also active Benzimidazole, m spite 
of Its abihty to raise electrical threshold m the brain, is relatively meffective 
against the metrazol discharges The reviewers have found diphenylhydantom, 
glutamic acid, and regnratoiy and metabohc acidosis all relatively meffective 
against metrazol Amphetamme mcreases the sensitivity of the bram to metrazol, 
although it IS not m itself capable of producing this type of dysrhythmia 
The reviewers have studied cortical responses to electncal stimulation m an 
analysis of the action of metrazol (315, 320, 322) The charactenstic EEG dis- 
charge may be evoked by electncal stimulation of the bram even when the dos- 
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age of metrazol is too small to alter the spontaneous record Durmg contmuous 
intravenous injection of metrazol the smgle slow wave component of the normal 
evoked discharge can be seen to grow progressively m amplitude and then to 
become repetitive These changes are associated with a progressive lowermg of 
threshold for the evocation of EEG dischaigos, nonconvulsive movements and 
seizures At a pomt just short of the occurrence of seizures, the electroshock 
threshold may be reduced to about half, and smgle shocks, which ordinarily do 
not produce seizures no matter how high the voltage, now may precipitate a con- 
vulsion The development of the preconvulsive state is also associated with 
evidences of loss of local sign for stimulation of motor pomts and ivide irradia- 
tion of sensory discharges For example, auditory cbck stimulation which ordi- 
narily gives small local responses confined to the ‘primary auditory areas, now 
produces diffuse subconvulsive EEG bursts and may even precipitate seizures 

Thus the characteristic features of metrazol action as deduced from EEG ob- 
servations mclude the development of repetitiveness, mcreased amphtude of 
discharges, a moderate lowermg of threshold, and widespread irradiation In 
contrast there seems to be httle effect on the time relations of the recovery cycle 
of the cortex 

These same features are also seen to some extent when metrazol is used m am- 
mals already depressed by tnmethadione or barbiturates For example, metrazol 
increases the voltage, frequency, duration and rate of recovery of cortical re- 
sponses evoked by sciatic or cortical stimulation m cats and rabbits under deep 
barbiturate anesthesia In light anesthesia metrazol mcreases the frequency and 
also the voltage of the “spmdle” bursts, amplifying particularly the surface- 
negative component of these dischaiges, an mdication of mcreased sjmaptic 
transfer withm the cortical layers The antagonism of metrazol is more specific 
for tnmethadione than for the barbiturates, so that the various EEG stages of 
anesthesia and sleep produced by tnmethadione can be progressively overcome 
with increasmg doses of metrazol 

The authors (317) have been unable to find any action of metrazol on penph- 
eral nerve correspondmg to its excitant effect upon the cerebrospinal axis With 
unph 3 miologically high concentrations (30 mMol/I or more) an mcrease m 
threshold and other depressant effects may be observed In this respect metrazol 
differs from strychnme, and the difference may have relevance to the more selec- 
tive action of metrazol on higher centers If further definition of the mechanism 
of action of metrazol is to be found, it might therefore be sought most profitably 
at the level of the cerebral cortex itself 

c Picrotoxm Picrotoxm is a convulsant which does not differ significantly 
from metrazol m its effects upon the nervous system except msofar as its onset 
of action and rate of destruction are somewhat slower Its clmical use has been 
largely restricted to the treatment of barbiturate poisonmg (148), and its EEG 
effects have not attracted the same wide mterest as those of metrazol Sporadic 
observations on laboratory animals (311, 317) mdicate that it produces the same 
EEG changes as does metrazol 

d Camphor Camphor, which resembles metrazol and pictrotoxm m produc- 
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mg seizures by a higher central action, is not clinically used for its convulsant or 
analeptic properties, and its EEG eiTects have therefore been of little interest 
Lennox, Gibbs and Gibbs (224) obsen ed that after the intravenous mjection of 
small amounts of camphor, the brain potentials mcreased in amphtude, becora- 
mg progressively larger and more frequent until a convulsion occurred In one 
patient m their series, a short but typical petit mal seizure developed In another 
patient mth a history of seizures, psychomotor attacks as veil as generalized 
seizures uere produced These observations might suggest camphor for use in 
EEG activation procedures, but it is unlikely that this drug possesses any ad- 
vantages over metrazol 

e Amphetamme Among the central stimulants, amphetamme has received 
mcreasmg attention because of its popular use m allaymg drousmess and in 
duUmg the appetite of the obese Its reported effects on the EEG of normal pa- 
tients have mcluded an increase m percentage time alpha, accordmg to Rubm 
ei al (293), and a shift tors ard higher frequencies m the EEG spectrum as studied 
b 3 ’’ Gibbs and Alalty (141) Although Cutts and Jasper (70) failed to find any 
defimte effect of amphetamme m the EEG of behavior problem children who 
showed climcal improvement dunng treatment, Lmdsley and Henry (231) m a 
similar group reported some reduction m slow' frontal abnormalities, and an m- 
crease in frequency and decrease m amphtude of the normal alpha rhythm A 
more specific effect of amphetamme on EEG abnormahties has been observed 
m petit mal cases by Golla ef of (146) and Livmgston ef af (235), who found that 
the characteristic 3 per second spike and wave pattern was often abolished by 
treatment The latter mvestigators did not find a close correlation between EEG 
improvement and clmical remission m their senes, and noted that amphetamme 
was less effective when the EEG dysrhythmia deviated from the classical petit 
mal type These effects of amphetamme should probably not be attnbuted to a 
specific action of the drug m changmg cortical parameters, smce petit mal dis- 
charges are notonously easily suppressed by procedures w'hich increase alertness 
and activity 

The review ers (317) have noted no outstandmg changes in the EEG or thres- 
holds of experimental animals treated with amphetamme Interestingly enough, 
the petit mal-like dysrhythmia produced by subconvulsive doses of metrazol 
w as found to be exacerbated rather than improved by amphetamme AI Lennox 
and Ruch (217a) have observed that post-seizure abnormahties of the 2-3 per 
second type which usually appear in monkeys dunng recovery from electroshock 
convulsions may be abolished by pretreatment with amphetamme The drug 
also produced a more rapid recovery from post-seizure depression 

The mechamsm of action of amphetamme is far from understood, it is prob- 
ably unrelated to its sympathomimetic action (148) The work of Alalmg and 
Acheson (241a) w ould mdicate, at least to the review ers, that amphetamme can 
compensate to a considerable degree for the effects of various central nerv'ous 
lesions, possibly by replacing through mcreased mtemimcial function the loss 
of facihtation from the centers destioved That the mechanism is considerably 
different from that of the convulsant dnigs may be inferred lioni the failure of 
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amphetamine to produce seizures or subconvulsive dysrhythmias m laboratory 
animals, and its abdity to combat drowsmess without mterfenng with the anti- 
epileptic action of such agents as phenobarbital m the treatment of convulsive 
disorders 

f Xanthines The xanthmes, although widely used as central stimulants, 
have not been favored with extensive observations of their EEG effects Gibbs 
and Maltby (141) reported that caffeme causes a shift m the human EEG fre- 
quency spectrum toward faster activity This shift mcluded both an increase m 
frequency of the alpha rhythm and mcreased voltage m the 14-30 per second 
range Swank and Foley (311) noted that caffeme and ammophyllme differed 
from metrazol and picrotovm m havmg no effect upon the EEG m doses which 
were definitely analeptic agamst the respiratory depression mduced by barbitu- 
rates 

g Cocame and procame Although useful primarily as local anesthetics, pro- 
came and cocame have important central nervous actions which are attracting 
mcreasing attention — procaine because of its use as an analgesic by mtravenous 
administration, and cocame because of the pubhc health problem created by its 
chrome use particularly among the hunger-ridden Indian mmers of the Andes 
Both may produce extreme axcitation and convulsions on systemic admmistra- 
tion The EEG correlates of their central action have not been extensively 
studied Berger (21) observed an increase m the amphtude of the alpha waves 
without change in frequency foOowmg the admmistration of cocame to 10 sub- 
jects Rubm el al (293) admmistered 50 mgm of cocame subcutaneously to each 
of 11 subjects and found a decrease m the percentage of alpha activity, without 
sigmficant change m the alpha frequency or m the amount of slow activity The 
reviewers (317) have recorded the effects of mtravenous procame on the EEG of 
the rabbit and observed changes essentially similar to those obtamed with metra- 
Hol, mcludmg the early appearance of high voltage 5 per second spike and wave 
bursts Procame differs from metrazol m mcreasmg rather than decreasmg the 
threshold for evoked cortical responses, but both cause repetition and mcreased 
voltage of the evoked responses as well as widespread irradiation As to the basic 
mechamsm of action of the local anesthetics, it is well known from the classical 
mvestigations of Gasser and Erlanger (118a) that conduction is first blocked m 
the small and unmyelinated fiber groups, and it might be expected that the small 
neurones of the bram would be the earhest to fail after systemic administration 
How this mechanism could operate to permit irradiation and seizures remains to 
be determmed The important factor m conduction block by the local anesthetics 
has been shown to be mcrease m threshold rather than depolanzation (17, 25, 
238, 323) This raises the possibihty that a threshold-mcreasmg drug may cause 
seizures by selective depression of mhibitory systems Further mvestigations on 
the apparent paradoxical action of procaine might do much to clarify the mech- 
anism of ongm of subconvulsive EEG dysrhythmias produced by this and other 

convulsant drugs , . 

h Mescaline Mescalme, a pharmacologicaUy active substance derived from 

cactus, 13 capable of produemg bizarre psychic effects and haUucmations (MSJ, 
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it IS also occasionally used m the laboratory as a convulsant (123) Rubin el al 
(293) have e\ammed its EEG effects m man The oral administration of 300 
mgm of mescalme m divided doses to a group of seven schizophrenics produced 
extreme states of anxiety, correlated with a 25 to 30 per cent increase in the fre- 
quency of the alpha rhythm Chweitzer (59) reported that, in a normal mdividual 
durmg mescalme intoxication, there a as a reduction m the amplitude of the 
alpha V, aves, with prolonged intervals of inactivity associated n ith the hallucina- 
tions These observations are of little help m mterpreting the peculiar psychic 
effects of mescalme, and the literature has been more concerned n ith the exotic 
features of mescalme mtoxication than noth its mechanism of action 
1 DDT. Occasional cases of poisonmg m animals and man by the insecticide 
DDT (Dichloro-diphenyl'tnchloro-ethane), and the unusual character of the 
seizures mduced m animals, prompted Crescitelh and Gilman (66) to study the 
alteration m the electncal activity of the cerebellum and cerebral cortex remltmg 
from the mtravenous admmistration of DDT emulsions m cats and monkeys 
In animals which had been treated previously inth small doses of sodium pento- 
barbital to suppress the convulsive activity of DDT, the cerebellar rhythm pro- 
gressively mcreased m magmtude over the course of one to tn o hours, to a level 
five times that recorded durmg the control penod The pattern remamed essen- 
tially unchanged, except for a sbght mcrease m frequency Cortical activity in- 
creased somewhat m magnitude and frequency, but the chief effect, especially m 
cats, was the conversion of previously irregular 8-12 per second pattern mto an 
almost contmuous and regular rhythm at the same frequency or slightly higher 
With further action of DDT, episodic convulsive activity m as recorded from both 
the cerebellar and cerebral cortex, preceded by fast waves These fast discharges 
were completely synchronized m the motor cortex and cerebellum, m monkeys 
they were surface positive at the motor cortex and either surface negative or 
diphasic, wnth an initial negative deflection, at the cerebellum The fast activity 
mcreased m magmtude and frequency until eventually periodic electrical seizures 
appeared m both the cerebellum and cerebral cortex, similar to the electncal 
pattern observed m major seizures m man or that foUowmg the admmistration 
of convulsive drugs or electrical stimulation of the cortex m animals 
A detailed analysis of the preconvulsive fast waves m monkeys revealed that 
they were most promment m leads from areas 4 and 6 With leads placed pro- 
gressively away from the motor cortex, the fast waves became less promment 
From the cerebellum, these discharges were recorded most prommently from the 
pyramic vermis and portions of the lobulus simplex In most instances, the 
lobulus ansiformis was silent or relatively mconspicuous The ansiform lobe and 
the vermis of the cerebellum, like the cerebrum, participated m the penodic 
“tonic-clomc” electncal manifestations of DDT 
The authors concluded that on the basis of polanty, the cerebellar-cortical 
synchronization could only be axplamed as the result of efferent impulses from 
cerebellum to cortex However, they were unable to explam the EEG findmgs on 
the basis of knoivn connections between the cortex and vanous parts of the cere- 
bellum, and have suggested the possibility that both the cerebellum and motor 
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cQrtex A\ ere being simultaneously activated by impulses from a mass of neurones 
linked to both areas It would bemterestmg mdeed if agents could befoundvhich 
have a selective convulsant action on particular subcortical centers, but the 
physiological mechanism ivould still require as careful analysis as that of the more 
diffusely actmg convulsants 

B Substances used pnmanly for other than central nervous system effects 

1 Autonomic agents Dunng the past decade, considerable attention has been 
given to the role of acetylchohne m central S3Tiaptic transmission, and the search 
for a universal chemical mediator has generated many mvestigations of the 
effects of cholmergic and other autonomic drugs on the EEG Indeed, the ability 
of any chohnergic drug or blockmg agpnt to change the EEG is all too frequently 
seized upon as verification of an essential central role of acetylchohne, even when 
the most unphysiologically high concentrations are used Despite these excesses, 
there is no doubt that acetylchohne and many agents which modify its actions 
or alter its rate of destruction may have profound effects on central nervous 
function, with correspondmg repercussions m the'EEG The problem of the sig- 
nificance of acetylcholme m cerebral function has been recently reviewed by 
Feldberg (106) and Whittendge (337), among others 

a Acetylchohne There has been no dearth of empirical observations on the 
effects of acetylcholme on the EEG, particularly of animals Sjoestrand (300) 
found that acetylcholme topically apphed to the cortex mcreased the amphtude 
of strychnme and eserme spikes and caused mcreased frequency and groupmg of 
waves Stronger concentrations or repeated apphcations mhibited the spikes 
Bonnet and Bremer (28) and Bremer (41) mjected small doses mto the carotid 
artery of midbram-transected cats and found mcreased amphtude and frequency 
of the dommant wakmg rhythm, and mcreased after-discharge following auditory 
stimuli Larger doses had a depressant effect Moruzzi (257) confirmed these ob- 
servations m the rabbit, and also noted a decrease m electrical threshold Miller 
ei al (254) found a desynchromzmg effect of topically applied acetylchohne on 
the EEG of the cat, and a strychnme-hke effect on the previously esermized 
cortex Chatfield and Dempsey (53) saw no effect with acetylcholme alone, but 
after prostigmme, which itself caused bursts, acetylcholme produced mcreased 
spikmg and low voltage fast activity The latter remamed even after isolation of 
the cortex from the thalamus Williams (344) found that acetylcholme and 
carbammoylchohne producedpetit mal-like activity m susceptible patients Intra- 
cistemal mjection of acetylcholme m cats and man produces generalized convul- 
sions (45, 107, 114), as does intravenous mjection of large doses (61, 174, 287) 
That these seizures are not necessarily due to direct action on central nen« ous 
system is suggested by the recent report of Ajmone-Marson and Fuortes (5) uho 
studied the convulsions ehcited m dogs by mtravenous acetylchohne The seizures 
were associated ivith flattenmg of the EEG rather than with convulsive dis- 
charges, and the changes nere sumlar to those of asphyxiation, such as might be 
expected from the cardiac arrest produced by acetylcholme mtravenously. T^ 
mvestigators give the same explanation for the hyperactivity of the spmal cord 
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seen under these conditions, and conclude that the observed convulsive move- 
ments are clearly not of cortical ongm However, this objection need not apply 
to focal or intracistemal mjection of acetylcholme and other cholme esters, and 
the work of Brenner and Memtt (45) and Forster (114) suggests that EEG and 
motor manifestations of these drugs may be elicited directly from the cortex 
In any consideration of the suspected functional role of a chemical substance, 
the relationship beta een the amount normally present and the amount required 
for the functional change should be in reasonable agreement Such a comparison 
has been made by Bomstem (30), who found that acetylcholme perfused over the 
cortex of dogs and cats produced high amphtude sharp naves m low concentra- 
tions (1 pgm per cent), whereas flattenmg of the EEG occurred inth higher con- 
centrations (2 pgm per cent or more) Both of these EEG effects were also seen 
after experimental trauma to the head, the trauma was shown to result m the 
appearance of “free” acetylcholme m the cerebrospmal fluid m concentrations 
up to 9 Mgm per cent The EEG and behavioral effects of both trauma and mtra- 
cisternal acetylcholme could be abolished by the subcutaneous administration of 
atropine sulfate, 0 5 to 1 0 mgm/kg Bomstem suggests that "free acetylcholme” 
may be one of the physiological factors underlymg the acute paralytic and excita- 
tory phenomena of cerebral concussion and more severe craniocerebral injuries 
b Pilocarpme In contrast to acetylcholme, pilocarpme m systemically effective 
concentrations was without EEG action in the patients exammed by Williams 
(344) and m the cats studied by Miller el al (254) 
c Anticholmesterases If acetylcholme is present m the central nervous system 
m sufficient quantities to exert some physiological action, regardless of the essen- 
tial role of this action, then those agents which retard the hydrolysis of acetyl- 
chohne by chohnesterase might be expected to produce functional central changes 
and associated EIEG signs similar to those elicited by exogenous acetylcholme 
In general, this appears to be the case, and the few reported differences m the 
action of the vanous anticholmesterases may tentatively be ascnbed either to 
side-effects unrelated to cholmesterase inhibition or to differences m enzyme 
specificity or abihty to penetrate cells The most complete observations to date 
have been made with the reversible anticholmesterases esenne (physostignune 
and neostignune and the irreversible inhibitor di-isopropyl fluorophosphate 
(DFP) 

(1) Di-isopropyl fluorophosphate Extensive studies on the effects of di-iso- 
propyl fluorophosphate (DFP) m man have been earned out by Grob and his 
associates (169, 170, 171, 175) The daily mtramuscular mjection of 1 to 2 mgm 
of DFP m 23 subjects (19 normals, 4 with myasthenia gravis) resulted m m- 
creased electncal activity m 17, manifested by greater variation m amphtude, m- 
creased frequency, more beta activity, more irregulanties m rhythm, and the 
mtermittent appearance of abnormal high voltage 3-6 per second waves similar 
to those frequently seen m patient wath convulsive disorders These alterations 
were usually most marked m the frontal regions and were mcreased by hyper- 
ventilation The most stnkmg changes were observed m those subjects who 
showed greatest labflity of pattern m their control records The EEG signs ap- 



462 


JUUES E P TOMAN AND JE.\N DAVIS 


peared after 2 to 7 days of DFP administration, usually foUouing the onset of 
central nervous symptoms After cessation of DFP admmistration, symptoms 
disappeared m 1 to 4 days, whereas EEG changes persisted m dimimshmg degree 
for eight to 42 days 

The EEG effects of DFP could be abolished temporarily by intravenous ad- 
ministration of atropme, or delayed considerably by chrome atropme therapy 
In contrast, mtravenous injection of neostigmme, curare or d-tubocurarme re- 
sulted m no change m the central nervous s3Tnptoms or EEG signs of DFP 
poisomng, although the doses of curare and d-tubocurarme were sufficient to 
cause weakness of the facial and ocular muscles, and the amount of neostigmine 
was adequate to produce gastromtestmal effects 

The onset of central nervous symptoms and the appearance of EEG changes 
after DFP could usually be correlated mth a depression of red blood cell cholm- 
esterase activity to 70% and 60% respectively of the original activity, when 
DFP was ad minis tered over a relatively short period (up to 3 days) However, 
when DFP was ad mini stered over a longer period of tune or when administration 
was stopped, correlation between central nervous effects and eiythrocyte chohn- 
esterase activity no longer existed The onset and severity of symptoms and EEG 
changes bore no relationship to the cholmesterase activity of the plasma 

The mode of action of DFP was considered by Grob and associates to be the 
ureversible inhibition of the central nervous system by DFP cholmesterase The 
persistence of the EEG changes for as long as three to four v, eeks after the last 
dose of the drug probably reflects the slow regeneration of bram cholmesterase 
The lack of correlation of DFP effects wnth erythrocyte cholmesterase activity 
after the first few days presumably is due to the different rates of regeneration of 
the cholmesterases m the central nervous system and m the red blood cells Be- 
cause neostigmine could not be given m amounts sufficient to dupheate or poten- 
tiate the central effects of DFP without causing gastromtestmal distress, the 
authors conclude that the greater hpid solubihty of DFP favors its selective ac- 
tion upon the central nervous system However, the possibihty of a difference 
m enzymatic structure or m rate of regeneration at the two sites should not be 
automatically excluded 

The EEG effects of DFP have been further analyzed m experunental animals 
In the cat and monkey Wescoe et al (335) observed an mcrease m frequency and 
a decrease m amphtude of cortical discharges withm one mmute after mtravenous 
mjection of DFP These effects could be abolished or prevented by the mtra- 
venous administration of atropme or scopolamme Intracarotid mjection of DFP 
m the curanzed rabbit was found by Himwich and his colleagues (116, 172) to 
result m a slight decrease m fundamental frequency accompamed by a decrease 
m voltage, followed by the appearance of high amphtude discharges These 
occurred fiiBt on the side of mjection and then became generalized and persistent, 
resembhng the pattern of status grand mal Small doses of atropme administered 
after the high amphtude discharges had become established restored the pattern 
to normal, larger doses of atropme mjected pnor to the admmifltration of DFP 
prevented the high amphtude waves, and a further mcrease m dosage ehmmated 
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all abnonnal responses The electrical changes induced by DFP vrere associated 
with a se\ ere depression of anticholinesterase activity of the cerebral hemispheres, 
the cerebellum and the bram stem, but m no instance was the chohnesterase 
activity completely elnninated. 

(2) Esenne and neostigmme The reversible anticholinesterases also have been 
shown to cause EEG changes resembhng those seen with acetylchohne 
Sjoestrand (300) reported a potentiation of stiychnme spikes by esenne m the 
EEG of axpenmental animals Miller et al (253, 254) observed a reduction of 
\oltage and a dissociation of previously synchronized cortical naves m the EEG 
of the rabbit and cat after topical apphcation of esenne, and Chatfield and 
Dempsey (53) observed a similar imtial depression of voltage with neostigmme 
Darrow el al (73) found that eserme prevented hyperventilation-mduced slow 
waves m cats whose parasympathetic mnervation to pial vessels had been cut 

In patients with petit mal, Williams and Russell (345) have demonstrated an 
interestmg difference between eserme and neostigmme, the former decreasmg and 
the latter mcreasmg the mcidence of spike and wave discharges To explam this 
parado\ they have mvoked Schweitzer's (296) schema m which esenne (as a fat- 
soluble tertiary ammomum base) excites by penetratmg the neurone soma, 
whereas neostigmme fas a water-soluble quaternary base) inhibits at the synapse 
This explanation is somewhat compromised by the many and apparently mcon- 
sistent similanties and differences m the action of the tw o drugs as reported by 
vanous other mvestigators (106) 

d Atropme Of the vanous drugs which can inhibit the action of acetylchohne 
upon effector cells, atropme is the only one which is consistently reported effec- 
tive m studies on central neurones Feldberg (106) has reviewed a large body of 
evidence for a blockmg action of atropme against the effects of cholmergio and 
anticholmesterasic agents at all levels of the central nervous system That the 
blockmg action of atropme is often exhibited m concentrations which alone have 
httle or no effect on normal central functions suggests no vital role of endogenous 
acetylchohne m the ordinary activities of the bram However, reports of direct 
actions of atropme upon the EEG have not been la ckin g Grob el al (169) found 
that the mtravenous administration of 1 2 mgm of atropme to 39 normal subjects 
resulted m an immediate decrease m frequency and voltage, with decreased beta 
and mcreased alpha rhy thm , a decrease m the irregularities of the rhythm and a 
decrease m the appearance of abnormal slow waves durmg hyperventilation m 
over one third of the subjects The same dose of atropme m 16 subjects with a 
history of grand mal and with an EEG pattern “characteristic of this disease” 
resulted m some reduction of abnormal discharges and of amphtude m one half of 
the subjects These changes, which occurred immediately foUowmg mtravenous 
mjection, were in the same direction as those occurring both m control subjects 
and m those who had received DFP, but were less marked than m the latter group 
and were dramatic m only one case 

Increased EEG activity following DFP was inhibited by atropme m all 17 sub- 
jects studied by Grob et al (169) Intravenous mjection of 1 2 mgm of atropme 
resulted in an immediate decrease m potential and frequency, with decreased beta 



464 


JAMES E P TOMAN AND JEAN DAVIS 


and increased alpha rhythm, a decrease m the nregulanties of the rhythm, and 
decrease m the mcidence of abnormal waves at rest and durmg hyperventilation 
Daily administration of atropme concomitant with daily adnmiistration of DFP 
delayed the onset of both central nervous symptoms and EEG changes, the 
former for a few days and the latter for as long as three to four weeks, at which 
time the erythrocyte chohnesterase activity had been reduced to 33% of the 
ongmal activity Some of the subjects who had received atropme and DFP daily 
for several weeks had pronoimced central nervous symptoms despite the absence 
of EEG changes Withdrawal of atropme was followed withm several da}^ by the 
appearance of EEG abnormahties 

W il l i a m s (343, 344) found that spontaneous and hyperventilation-mduced 
spike and wave paroxysms were sometimes blocked by atropme m patients with 
petit mal, and that atropme prevented the exacerbation of these attacks by 
acetylcholme and other cholmergic agents On the other hand Darrow et al (74) 
observed an mcrease m hyperventdation-mduced slow waves and m vanous 
restmg abnormahties m patients who were given suflBcient atropme to cause 
cardiac acceleration, although the EEG was sometimes improved when the sys- 
temic actions of atropme were mcomplete 

Not all mvestigators have been able to demonstrate an atropme blockade of 
the EEG effects of cjholmergic agents In the studies of Forster (114), atropme 
failed to prevent the mitial depression and ultimate paroxysmal EEG effects of 
mtracistemally or topically apphed acetylcholme m the cat Brenner and Merritt 
(45) also were imable to prevent cholmergically-mduced convulsive EEG dis- 
charges with atropme On the other hand, Chatfield and Dempsey (53) abolished 
acetylcholme-mduced spikes m the EEG of the cat by givmg atropme mtra- 
venously Miller el al (254) also found that spikes occurrmg after local apphca- 
tion of eserme and acetylcholme were suppressed by mtravenous mjected or 
locally apphed atropme Atropme itself produced unusual EEG abnormahties 
when apphed locally Darrow et al (73) observed that after a suflScient dose of 
atropme, hyperventilation caused the appearance of high voltage slow waves m 
cats They also found that atropme restored the hyperventilation dysrhythmia 
when it had been blocked by eserme Finally, Bomstem (30) observed that atro- 
pme prevented the EEG effects of both concussion and exogenous acetylcholme 
m cats 

c Curanform agents If central synaptic transmission were dependent upon the 
chemical mechanism as that m autononuc ganglia and the neuromyal junc- 
tion, curare would be expected to have significant central blockmg actions How- 
ever, a defimtive experiment demonstrating the lack of cerebral effects of curare 
m man was Conducted by Srmth and his colleagues (301) These observers ad- 
ministered a total of 500 umts of d-tubocurarme mtravenously to a healthy 
trained adult durmg a penod of 33 mmutes, an amount at least times that 
required to produce complete respiratory paralysis, and adequate for complete 
skeletal muscular paralysis No impaument of consciousness, memoiy or sen- 
sonum was observed, likewise, no evidence was obtamed of central stimulant, 
depressant or analgesic properties of curare The amphtude, frequency and per- 
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centage time alpha of the EEG remained unchanged, and blocking of the alpha 
rhythm by pattern vision remained normal A total of 3 5 mgm of neostigmme, 
given mtravenously to facilitate recovery, also failed to alter the EEG 
Some animal observations have suggested central actions of curare McIntyre 
(247, 248, 249) reported that d-tubocuranne modifies the electrical activity of the 
bram of dogs hghtly anesthetized with \anous barbiturates He noted an 
mitial transient increase m activity simultaneously m the occipital, parietal 
and frontal regions, ivith as much as a three-fold increase in voltage The fre- 
quency v,as irregular, sometimes exhibitmg spikes followed by low voltage 100/ 
sec, activity Immediately thereafter, electrocortical activity w as depressed, even 
inth doses insufficient to prevent diaphragmatic respiration With larger doses 
the electncal activity of the frontal areas was decreased very rapidly and the 
imtial transient stimulation was very brief Depression of the frontal areas occur- 
red before peripheral paralysis Smce adequate details of experimental technic 
were not presented, it is not clear whether the barbiturates were m part respon- 
sible for the results, or whether some degree of hypovia occurred 
When the comphcatmg factor of respiratory depression and secondary anoxia 
is avoided by adequate artificial ventilation, most mvestigators find no effect of 
curare on the EEG (102, 103, 143, 144, 317) Everett (102) observed no demon- 
strable effect on the EEG of cats, rats and rabbits, given curare m doses 5 to 50 
tunes greater than necessary to produce respiratory paralysis Furthermore, a 
convulsive dose of metrazol after curarization produced a typical seizure dis- 
charge although all motor manifestations w'ere absent and the electromyograph 
showed no spikes Also, no change m electroshock threshold is produced by curare 
On the other hand, Everett (103) found that curare given mtracistemally could 
produce violent convulsions m rabbits The effect was similar to that of penicillm, 
which causes convulsions following local application to the bram but not following 
intravenous admmistration There have been no systematic studies of the possible 
protective action of curare against central effects of cholmergic drugs equivalent 
to the mvestigations conducted with atropme However, the mcidental use of 
curanform agents to immobilize animals for EEG records apparently does not 
mihtate against the characteristic effects of acetylchohne or cholmergic agents 
(73) 


One group of investigators (105, 273) has consistently found blockmg effects 
of curanfonn drugs on the EEG of the frog, m doses equal to or more than neces- 
sary to cause a reversible neuromuscular paralysis Curare, d-tubocurarme chlo- 
ride and dihydro-beta-erythroidme hydrochloride all caused a depression of 
cortical activity which could not be restored by neostigmine, strychmne or picro- 
toxin Quinine ethochlonde, nicotme and thiamine likewise flattened the EEG 
after an imtial acceleration of frequency, and neostigmme was of no avail m re- 
viving the silent hemispheres A more analytical remvestigation of these findmgs 
would be of mterest 


f Epmephnne The attention given to the action of epmephrme upon the EEG 
has been disproportionately small m companson ivith that lavished upon the 
more popular neurohumor acetylchohne, despite the fact that the latter substance 
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has not been conclusn ely demonstrated to produce central changes other than 
through a vascular action Among sporadic studies with the adrenergic mediator 
are those of Gnnker and Serota (168) who recorded mcreased fast and random 
sloM activity with disappearance of the alpha rhythm m the hypothalamus as 
u ell as the cortex of patients receiving mtravenous epmephnne Sohizophremc 
patients vere found less responsive than controls to the psychic and EEG effects 
of epmephnne The newer sympathetic blockmg agents, especially dibenamme, 
have been shown to produce mterestmg central effects, but these may m some 
cases be nonspecific and obtainable with the autonoimcally inactive degradation 
products (262) 

g Histamme and antihistammics Because of the possible role of vascular 
lesions m the etiology of convulsive and other central nervous disorders with EEG 
manifestations, and the presumed role of histamme m various inflammatory re- 
actions, the effects of antihistammics on the EEG are worthy of consideration. 
Churchill and Gammon (58) have observed that diphenhydramme can reduce the 
frequency of attacks m patients with petit mal, with a correspondmg reduction 
m the incidence of spike and wave discharges m the EEG, whereas tnpelenna- 
mme has the opposite effect In this connection it should be noted that diphen- 
hydramme has been generally reported to have more sedative and other central 
nervous actions than tripelennamme for equivalent antihistammic effects Swm- 
3 'ard (313) has observed that both drugs have some anticonvulsant effect on rats 
m doses which otherwise produce no gross neurological effects, and that both 
produce signs of excitation m the central nervous system when given m larger 
doses Houever, tnpelennamme may cause the appearance of recurrent spon- 
taneous seizures following an initial electroshock seizure, whereas this effect has 
not been seen with diphenhydramme This differentiation between the two anti- 
histammics ma}’' have some relevance to the clmical obsen ations of Churchill and 
Gammon Histamme itself even m doses causmg severe symptoms was without 
effect on the EEG of petit mal patients studied by Williams (343), m contrast 
to the sensitivity of these patients to acefylcholme and antichohnesterases 

In concludmg this discussion on the EEG effects of autonomic drugs, the re- 
viewers feel impelled to pomt out a remarkable contrast between the almost 
purely empirical data collated for these agents and the more analytical mvestiga- 
tions which have been devoted to other drugs such as the barbiturates, for which 


plausible mechanisms of action could not so readily be assumed a pnon The 
result is that we have as yet no useful body of measurements on parameters of 


excitation and response against which to equate the observed EEG effects of these 
agents Neither is there any body of knowledge which can be transposed from the 
periphery to the central nervous system to provide a workmg hypothesis for the 
mterpretation of cortical electrical activity Penpheral nerve cannot be used m 
this case to build a workmg model of the central nerve net, smce the autonomic 
drugs, for example acetylcholme, are for the most part mactive on penpheral 
nerve' (238) When they are effective m high concentrations, then actions may be 
attnbutable to side-effects which bear no relation to their in mvo specificity, as m 
the case of nerve conduction block by DFP (50, 52, 67, 281, 323) Even m the 
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case of neuroeffector junctions and autonomic ganglia, the attention of investi- 
gators has been occupied \nth the fact of chemical mediation rather than the 
intimate mechanism of activation or inhibition of the effector or post-synaptic 
cell Smce the central effects of autonomic agents cannot be inferred auto- 
matically from our present knowledge of peripheral fibers and sjuapses, it de- 
volves upon the neuropharmacologist to approach the problem of the central 
action of a particular autonomic drug ivith as much variety of procedure, pre- 
caution and imagination as if the substance n ere new and unfamiliar 
In summary, the literature m general suggests that acetylcholme administered 
by various routes to man and animals may have evcitant effects rangmg from 
mcreasmg frequency of EEG rhythms and facihtation of cortical e.\citation to 
seizure discharges in the EEG and frank motor convulsions Depressant effects 
are occasionally reported, particularly with higher concentrations These effects 
are potentiated by the prior administration of the common anticholmesterases, 
which by themseh es may produce central responses not unlike those to acetyl- 
chohne, although certam discrepancies m their actions cast some doubt upon an 
identical and sole anticholmesterasic mechanism of action Fmally, the evcitant 
or depressant effects of the cholmergic substances and anticholmesterases are 
usually found to be abolished by atropme m doses u hich alone may not signifi- 
cantly influence the normal EEG or produce neurological manifestations Other 
anticholinergic drugs such as curare do not appear to have significant central 
effects comparable to atropme These considerations should cast some suspicion 
on the concept that acetylchohne is the chemical mediator at central synapses 
rather than merely an auahary agent which acts mdirectly, perhaps through its 
effect upon the vascular supply of the bram Of other possible chemical me- 
diators, neither histamine nor epmephrme has received enough attention to jus- 
tify any conclusion regardmg their role, if any, m central synaptic transmission 
2 Metabolic agents To what extent does the EEG reflect changes m cerebral 
metabolism? Throughout much of the hterature on the electneal activity of the 
bram, there runs a strong thread of conviction that the frequencj’’ and amphtude 
of the recorded bram potentials are manifestations of the rates and magnitudes 
of underlymg chemical processes, and that those drugs which modify the EEG 
do so by alteration of metaboho events (135) In a very general sense this is un- 
doubtedly true, but the temptation is sometimes strong to oversimplify, for 
example, by considermg cortical frequencies to be functions only of oxidative 
metabohe rates That the situation must be more complicated is suggested by a 
bnef consideration of the relation between function and metabolism m peripheral 
neurones as shown particularly by the work of Lorente de N6 (238) Oxygen is 
necessary for the maintenance of a membrane potential, which must be held 
above a cntical value if excitation and propagation of impulses is to occur How- 
ever, the membrane potential may be experimentally restored by anodal polariza- 
tion after nerves have been made non-conductive by anoxia or by metabolic 
blockmg agents, and the nerve is then excitable and able to propagate unpulses 
Excitabihty is lost m the absence of sodium (and no other) ion even if membrane 
potential is maintamed Ho exogenous substance other than oxygen is required 
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for maintenaiice of membrane potential, smce endogenous stores of metabobtes 
may be drawn upon Depolarization by anoxia or by inhibition of oxidative 
metabolism is not associated with changes m threshold until the cntical pomt of 
conduction block is reached Other aspects of function, such as the recovery proc- 
ess, are more sensitive to metabohc mterference than those immediately con- 
cerned with impulse propagation Carbon dioxide at physiological tensions 
mamtains a greater membrane potential, a higher threshold and a great stabihty 
of the membrane against spontaneous firmg or the effects of various excitant 
substances Changes in environmental temperature produce complex effects 
which mdicate that different temperature coefficients of underlymg processes are 
concerned m several aspects of nerve function Many substances act upon nerve 
m a manner not obviously related to oxidative metabohsm 
The above are some of the metabohc factors which apply to relatively rugged 
large myehnated fibers The situation is certainly more comphcated for the more 
sensitive neurones of the central nervous system, with their higher metabohc rate 
and their requirement for exogenous metabobtes Therefore a simple and uni- 
versal relationship between cerebral cortical function as represented by fre- 
quencies of KEG rhythms and the rates of underlymg chemical processes should 
not be expected, and by the same token metabohc effects should not be assumed 
o ‘pnori for drugs which altei cortical rhythms 
Alteration m body temperature may be taken as one of the simple nonpharma- 
cological methods for altermg the rates of chemical processes m the bram 
Hoagland (184, 185, 186, 187) found a simple Imear relation betiveen the loga- 
nthm of the frequency of the dommant KEG rh3rthm and the absolute tempera- 
ture m patients imdergomg diathermy treatment The results conformed to the 
Arrhemus equation, and the calculated values of the cntical thermal mcrement 
were found to be 8, 11 and 16 Calones, common values for steps m mtermediate 
carbohydrate metabohsm studied in vitro The loner temperature coefficients 
were characteristic of normal subjects and the higher of advanced cases of general 
paresis The results seemed to mdicate that the alpha rhjdhm was a simple mdi- 
cation of metabohc rate determmed by a hmitmg chemical pacemaker reaction. 


and to reveal changes m the limitmg reaction m disease However, Greenblatt and 
Rose (164) found complax changes m the EEG of patients noth neurosyphihs 
treated with fever mduced by typhoid vaccme or malaria In the majority of these 


records alterations consisted of an mcrease m the irregulanty of the pattern with 
mcreased amplitude and number of slow waves A few fever records presented 
both rapid and slow activity, but with the slow activity dommatmg the pattern 
Declme m fever resulted m the gradual resumption of the ongmal characteristics 
The authors found more marked changes m the EEG mth a more rapid rise m 
temperature and with the higher final elevations of fever In addition, the more 
severe the clmical picture of the disease the more marked were the changes 
ehcited by fever therapy Thus the manner of altermg body temperature as well 
as the status of the patient enters mto the EEG findmgs, and there seems to be 
no doubt but that the EEG can be grossly and qualitatively altered at the ex- 
treme tolerated limits of the temperature scale 
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With this introductory'^ note of caution, some of the EEG findings associated 
with gross metabolic changes, alterations m respiratory gas tensions and blood 
sugar, and the effects of metabolic blocking agents mil now be considered 

a Thyroid A correlation bctw een the alpha frequency and the basal metabohc 
rate was found by Lmdsley and Rubenstem (232), the admmistration of thyroxm 
to one subject over a period of three days mcreased the metabolic rate from 53 7 
to 59 0 Calones per hour and mcreased the frequency of the alpha waves from 
10 5-11 4 per second Rvaramation of the alpha rhythm m patients w ith various 
thyroid disorders has likewise revealed a direct relationship between basal 
metabolism and the rate of cortical discharge Bertrand et al (23, 24) found a 
correlation between the alpha frequency and the basal metabolic rate m mdi- 
viduals with hypothyroidism, and Ross and Schwab (286), m 80 determmations 
of the dominant EEG frequency m a group of patients with thjToid disorders, 
found good correlation to exist wnthm the w'hole group, w hich suggested a simple 
relation between the alpha rate and the metabolic state of the individual Other 
authors (135, 181) have confirmed these obsenations m both hypo- and hyper- 
thyroidism Hoagland el al (187, 289) found that increase m the metabohc rate 
was associated with a rise m alpha frequency follow'mg the administration of large 
doses of th3To\na intravenously for a period of 4 weeks 

b Dmitrophenol Dmitrophenol, a specific metabohc stunulant, has likewTse 
been observed by Hoagland et al (182, 191) to cause an mcrease m the alpha 
frequency, the progressive and contmuous acceleration tendmg to confirm the 
view that the frequencies are a measure of cortical respiration under these con- 
ditions 

c Anaxia The effect of oxygen lack on the human EEG has usually been re- 
ported as a slowmg of frequency, and has often been taken to mdicate a direct 
relation between oxygen uptake and dominant EEG frequency The literature 
has been review'ed by Brazier (31, 33) Her own mvestigations (33) mdicate that 
with mcreasmg depths of anoxia there is a progressive slowmg of the alpha 
rhythm, suggestive of deceleration of the synchronized beat of a uniform neurone 
population, as long as consciousness is retamed With the onset of unconscious- 
ness there IS an abrupt appearance of slow activity, suggestmg the disorganization 
or depression of cortical rhythms m such a w ay as to release slow rhythms ongi- 
na t in g from subcortical structures These findmgs agree m a general way with 
those of previous mvestigators, although a number of variations on this theme 
have been reported Berger (22) w'as impressed more by the irregularity of the 
alpha rhythm than by any change m frequency pnor to the onset of slow activity 
durmg anoxia, and Lmdsley and Rubenstem (232) also failed to find any con- 
sistent change m frequency or amphtude of alpha rhythm durmg moderate 
anaua 

Davis et al (82) observed the foUowmg more detailed sequence m subjects 
breathmg 8 to 11 per cent oxygen mixtures at first there was a shght mcrease m 
average voltage, with the appearance of alpha waves m those records which had 
originally shown none, then the alpha voltage decreased, the alpha trams were 
reduced m duration and the mtervals between them became longer, 7 to 8 per 
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second activity began at the vertex while 10 per second alpha continued at the 
occiput, with the development of shght cyanosis and the first subjective changes, 
irregular slow waves appeared at the vertex and almost unmediately thereafter 
at the occiput, altematmg with a 10 per second rhythm, finally, after 10 to 15 
mmutes of hypoxia, slow waves dominated the record, and consciousness was 
definitely lost m some subjects An abrupt transition from slow waves to alpha 
rhythm occurred promptly on restoration to room air Thus the records of Davis 
et al are more mdicative of quahtative transitions than of progressive con- 
tmuous slowung of frequency Gihha etal (133, 140, 142), who observed that alpha 
rhythm w as mamtained at relatively normal frequency up to the pomt of uncon- 
sciousness durmg anoxia provided that the pCOi of the mtemal jugular blood 
was mamtamed at normal levels, have pomted to the role of cerebral acapnia 
dimng hypoxic overventilation as a factor m the slowmg of cerebral rhy thms 
Among those who have emphasised a progressive slowmg of frequency during 
anoxia are Hoagland (187) and Engel et al (97, 100), usmg manual methods of 
frequency analysis, and Brazier et al (32, 33, 109), usmg the Walter method of 
frequency analysis (330) It is mterestmg to note that the shifts m frequency 
reported by this latter group are not very great and are mcreased by a fall m 
pCOj The alternative method of frequency analysis devised by Grass and Gibbs 
(160) shows a mamtenance of frequency of the dommant alpha peak with some 
reduction m height of this component, associated with an mcrease m the energy 
distributed through lower frequency bands 
Thus the controversy concemmg the effects of anoxia on the human EEG is 
based to a considerable extent on the method of mterpretation of frequencies 
and will probably not be resolved until single umt discharges can be analyzed 
experimentally Meanwhile the conclusion may be drawm that there is an average 
slowmg of frequency based m part on a small change m frequency of particular 
components and m part on the entry of new slower components m the composite 
record The variations m results reported by different mvestigators may depend 


m part on the method of frequency analysis, the area from which recordmg was 
taken, and the degree of hypocapma associated with hypoxic overventilation, 
which is notonously variable m man 

More severe degrees of anoxia than are feasible m man have been studied m 
experimental animals Bremer and Thomas (44) observed a penod of sleep-hke 


activity m the EEG of the midbram-transected cat precedmg complete suppres- 
sion of the EEG by asphyxiation Sugar and Gerard (309) recorded the electncal 
activity of the cortex and vanous subcortical structures of the cat durmg and 
following a period of ischemia of the bram In the motor cortex they observed an 
early mcrease m frequency and amphtude of the dommant activity of the EEG, 

associated with such motor signs as hyperpnea and convuilsive movements The 
fast activity was replaced by 1-3 per second slow activity before complete sup- 
pression of the EEG On restoration of the blood supply, slow' weaves reappeared 
fiist followed by bursts of unusual spmdle activity of 6-9 per second and high 
amplitude, precedmg the return of normal fast activity A similar sequence was 
seen quahtatively m vanous subcortical regions, the functionally lower and less 
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complcT centers requiring a longer period of ischemia Throughout the bram fast 
activity was more susceptible than slou waves to ischemia, e\cept for the initial 
transient mcrease ip fast waves noted early m the records Increased sjmchroiuza- 
tion of vanous bram areas was noted durmg moderate ischemia 

Gellhom and Heymans (123) compared the effects of anoxia and asphyxia on 
the EEG of dogs and cats Simple anoxia produced by ventilation with low oxy- 
gen gas mLxtures failed to produce the mitial mcrease m fast acti\ ity noted Tnth 
asphyxiation Commlsue spikes evoked by stiychnme were more vulnerable to 
suppression by anoua or asphyxia than was the prevailmg background activity 
Smce carbon dioxide alone produced mcreased frequency and amphtude of both 
normal and convulsive potentials, it is evident that the initial acceleration of 
activity durmg asphyxia should not be attnbuted to oxygen lack (309) A “re- 
bound" phase of increased excitabihty and electncal activity was seen durmg the 
recovery period Gellhom (120) has also presented evidence that under conditions 
of asphyxia and anoxia the hypothalamus and thalamus may act as pacemakers 
of cortical activity 

Although Sugar and Gerard (309) had found that slow activity was more re- 
sistant than fast potentials to asphyxia, this relation does not appear to hold for 
recovery after prolonged asphyxia. Van Harreveld (173) found that after 15 
nunutes or less of asphyxiation, bursts of 7-12 per second activity similar to those 
found m sleep were the characteristic feature of the EEG of the cat They were 
considered to be of cortical origm because of them asynchrony m various EEG 
leads, but the possibility of a mosaic subcortical ongm should also have been con- 
sidered After more than 15 nunutes of asphyxial suppression of the EEG, the 
typical activity on recoi eiy consisted of smooth smusoidal spmdles of 12-16 per 
second frequency, synchronous throughout the cortex and presumably of sub- 
cortical ongm 

As an illustration that neurones at all levels of the nervous S3^tem do not be- 
have identically, attention should be called to the research of Brooks and Eccles 
(48) on the effects of asphyxia and anoxia on monosynaptic transmission m the 
spinal cord of the cat Their results are the mverse of those of Gellhom on the 
cerebral cortex They found that anoxia produced a phase of hyperexcitabihty 
associated with progressive depolarization until the cntical pomt for synaptic 
failure was reached A period of depression followed the readmission of oxygen 
Asphyxia was similar m effect except for a transient mitial depression, and carbon 
dioxide had a purely depressant action The direct effects of anoxia on peripheral 
nerve, as observed by Wnght (347) and Lorente de N6 (238), do not seem to 
mclude marked changes m threshold imtil the degree of depolarization becomes 
cntical 

d Hyperoxia Detailed reviews of the effects of excessive oxygen on the nervous 
system have been published by Stadie et al (303) and Bean (12) In laboratory 
animals, convulsive actmty is a characteristic feature of the effect of oxygen 
pressures considerably m excess of one atmosphere EEG observations on the 
effects of compression are largely limited to the work of Cohn and Gersh (63) 
who studied the effects of oxygen poisomng m cats confined m pressure tanks 
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With oxygen at atmosphenc pressure, the records were essentially unchanged 
from those observed m room air After one mmute under a pressure of 8 atmos- 
pheres, high voltage slow discharges appeared, superimposed on the 20 per second 
activity observed under control conditions The convulsive phase began with an 
mcrease m the number of high voltage slow waves, then high voltage 15-18 per 
second discharges appeared, and finally after 6 mmutes a typical seizure pattern 
occurred and was repeated for several mmutes The seizures could be prevented 
by pretreatment with anticonvulsant drugs (270) The mvestigators considered 
the ultimate cause of seizures durmg oxygen poisonmg to be damage to the 
metabolic system of nerve cells, perhaps to enzymes havmg SH groups, and to a 
consequent reduction in threshold Smce oxygen poisonmg is apparently asso- 
ciated with mcreases m blood and bram glucose, pOj, pCOj, and acidity, all of 
which mihtate against the appearance of slow waves m the EEG, the early ap- 
pearance of slow activity was attnbuted to some basic mtracellular change rather 
than to the gross secondary alterations m the mtemal environment The speci- 
ficity of oxygen excess for particular enzyme systems is still to be worked out m 
relation to the observed neurological 83mdrome of oxygen poisonmg 

e Carbon dioxide It has long been recognized that changes m COj tension 
have important effects upon central nervous function, and those alterations 
produced by hyperventilation have been of particular mterest to the electro- 
encephalographer because of the ease with which paroxysmal dysrhythmias can 
be precipitated by overbreathmg m some types of convulsive disorder The sub- 
ject has been reviewed by Brazier (31) and will be dealt only a glancmg blow m 
the present discussion 

Foerster (111) is usually given credit for the demonstration that epileptic 
attacks can sometimes be elicited by hyperventilation, and before the advent 
of electroencephalography this diagnostic method had already been used criti- 
cally by Lennox (219) m petit mal In one of his classical studies, Beiger (22) 
elicited high voltage slow wave discharges preceding a major seizure m one pa- 
tient \vith a previous history of attacks It has gradually been established that 
seizures of the petit mal tnad rather than convulsive disorders m general are 
sensitive to small charges m COj tension (139, 218, 219, 221, 224), however, 
other types of attack or EEG abnormalities may occasionally be mduced by 
prolonged hyperventilation (46, 282), and occasional atypical forms of petit mal 
are resistant to hyperventilation or COi excess m spite of the presence of a typical 


J per second spike and wave dysrhythmia (317) 

The effects of overventilation on the normal EEG are usually reported as slow- 
ing of frequency, with the appearance of high voltage 3-6 per second slow wave 
ii^harges particularly m the frontal leads m some patients In the experience of 
ihe reviewers, these paroxysms are found in about 10 per cent of healthy male 
nedical students They are more easily ehcited m mfants and children, declme 
in mcidence with advancmg age (139, 229), are easier to mvoke at low blood sugar 
levels (36 81, 180, 294, 307), and are subject to modification by anoxia and other 
netabohc’vaAables (76, 77, 94, 97, 122) The dependence of 
iuced changes m the EEG upon cerebral blood flow has been established by 
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Gibbs el at (129, 140, 225) who recorded the EEG responses during overbreath- 
ing or COj inhalation while iraking simultaneous determinations of COj 
content, pH, CO. tension and oxygen saturation of arterial and venous blood. 
The dilatation or constriction of cerebral arterioles a hich folIowR an mcrease or 
decrease of CO; in arterial blood normally serves to protect the brain against an 
undue shift of COj tension 1 he slow v aves that appear m the EEG wath hyper- 
ventilation are concluded by these mvestigators to be caused by a drop m COi, 
not by anoxia secondaiy to cerebral vasoconstriction as had been previously 
postulated (76, 77, 129) The ease inth which slow naves can be evoked by hyper- 
ventilation IS a rough index of the relative incompetence of the cerebral vaso- 
constnctor response to a low COj tension 

The effects of inhalation of COj on the human EEG are usually described as an 
mcrease m frequency of cortical potentials (126, 142, 215, 224) The experimental 
bterature does not show good agreement as to the EEG and other central nervous 
effects of changes m CO 2 tension An excitatory effect of CO- has been da'jcnbed, 
evidenced by an increase in frequency both of background activity and of con- 
vulsive potentials (123) Hon ever, some mvestigators have reported a protective 
effect of carbon dioxide inhalation agamst metrazol (125) and strychnine (209) 
seizures, whereas others (179, 201) have found that convulsive metrazol dis- 
charges are smgularly imresponsive to hyperventilation, COj inhalation, and 
mtravenous mjection of acid or alkaline solutions As for the normal EEG of 
anunals, it has been reported that metabolic or respiratory alkalosis increases 
spontaneous cortical activity and decreases the threshold for afterdischarge 
while acidosis has the opposite effects (92) But others have found that severe 
acid-base changes are required to produce EEG abnormalities (240) or changes 
m seizure threshold (179) 

To the extent that conclusions can be drawn from these observations, it seems 
clear that alterations in the EEG or in axcitability are relatively difficult to evoke 
by acid-base changes, are more related to pCO: than to correspondmg pH changes 
effected by other procedures, and are in the direction of mcreased EEG frequency 
and amplitude and decreased electrical threshold when the pCOj is reduced 
These changes are what might be expected from the behavior of peripheral 
neurones, which show mcreased excitability to low' CO 2 (213), dependent upon 
the pCO; itself rather than the mduced pH change (238) Although mcreased 
pCOj in the absence of pH changes tends to raise threshold and prevent spon- 
taneous firmg m nerve (238), there are associated changes, such as mcreased am- 
phtude of action potentials and after-potentials w ith associated changes m the 
post-finng recovery of excitability, which might complicate the behavior of a 
neural network The sensitivity of various centra) neurones to acid-base changes 
varies widely (208) As an example of the extreme contrast to be found m the 
central nervous system, COj has a purely depressant action on spinal motor- 
neurones (48), but it mcreases discharges from the inspiratory center of the 
medulla (304) 

If one important lesson can be drawn from the literature on the effects of COi 
on the EEG, it is that the petit mal 3 per second spike and wave discharges are 
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far more sensitive to pCOa than is any other type of cortical electrical activity 
While for a long tune there was a tendency to ascribe petit mfll to diffuse changes 
in cerebral function, there has been a recent revival of the Jacksonian principle 
that different seizure types arise from the different anatomical foci, and this con- 
cept has led to a chmcal and experimental search for a subcortical origm of petit 
mal discharges (200) If such centers can be identified with certamty, it would be 
most mterestmg to detenmne whether they show unusual sensitivity to changes 
m pCOj, and whether this is an attribute of the neurones as such or a result of 
peculianties of their vascular supply 

f Ketogemc diet Although numerous chmcal reports of the antiepileptic effects 
of the ketogemc diet have been published, few data concermng its effect on the 
EEG have appeared Logan and Baldra (236) reported that there was a good 
correlation between chmcal and EEG improvement m a senes of 10 patients with 
convulsive disorders treated by ketogemc diet Hoffman (196) has obtained 
records from 20 epileptic children with spike-wave dysrhythmias before and dur- 
mg their preliminary fast and at mtervals thereafter while they were receiving 
a ketogemc diet Durmg the third, fourth and fifth days of fastmg and at the 
time when hypoglycemia, ketosis and acidosis were most pronounced, EEG fre- 
quencies became slower, with a high voltage 3 per second rhythm predommating 
As this phase gave way to compensated ketosis, frequency and amphtude re- 
turned toward normal, and a more prolonged period of hyperventilation was 
required to bnng out the characteristic spike and wave picture than m the con- 
trol penod When the diet successfully controlled seizures over a long penod, 
the paroxjrsmal dysrhythmia disappeared from the restmg record and could not 
be restored by hyperventilation 

The reviewers (317) have looked unsuccessfully for changes m the properties 
of penpheral nerve after immersion m high concentrations of several substances 
which have been considered by vanous authors as the effective therapeutic agents 
resultmg from a ketogemc diet, mcludmg glycerol, beta-hydroxy butyric acid, 
acetone and acetoacetic acid 

g Blood sugar Interest m the EEG effects of insulm and blood sugar changes 
has been heightened by the wide use of insuhn hypoglycemia m the shock treat- 
ment of the major psychoses Numerous investigators (9, 35, 80, 81, 100, 145, 188, 
190, 192, 215) have observed progressive slowing of the dominant frequencies as- 
sociated with lowermg of the blood sugar level, followed by the abrupt appear- 
ance of very slow w aves as the patient lapsed mto coma 

A direct relationship has been found by Himwich, Hoagland, and then col- 
leagues between the frequency of the alpha waves and the cerebral oxygen con- 
sumption, both declme durmg hypoglycemia and mcrease after the admmistra- 
tion of carbohydrate Conversely, the delta mdex, a measure of the percentage 
tune and amphtude of irregular high voltage slow waves, displays an mverse 
relationship to the blood sugar concentration and the oxygen utihzation of the 
bram These relationships are thought to mdicate that the slowmg of the EEG 
depends upon a progressive decrease m cerebral metabolism when the concen- 
tration of the prmcipal substrate is reduced (182, 183, 188) 
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In contrast to the effects of hj-poglj cemia, Brazier et al (35) have found that 
abo\ e 130 mgm per cent further elevation of the blood sugar fails to alter the 
EEG of the normal adult Abnormal records may be more sensitive to hyper- 
glycerma, since Lenno\ and the Gibbs (137, 138, 224) have demonstrated that 
elevation of the blood sugar concentration tends to prevent the 3 per second 
spike and wave discharges of petit mal This findmg is of some practical impor- 
tance m the establishment of relatively basal conditions for EEG recordmg 
Failure to take mto account the postprandial bipbasic variation m blood sugar 
may be a source of imcontroUed variability m the mcidence of EEG abnormahties 
and may giv e a false impression of the effectiveness of drug or other therapy 

The tendency for a low blood sugar lev el to mcrease the sensitivity to hyper- 
V entilation has been reported by several inv'estigators (36, 180, 294, 307) Gibbs, 
Gibbs and Lenno\ (137, 138) have pomted out that abnormal discharges which 
were affected bv v anations m the blood sugar lev el (particularly the 3 per second 
spike and wave of petit mal) also general^' responded to variation m the COj 
and vice versa 

A summation of the central effects of oxygen lack and hj poglycemia has been 
demonstrated chnically and avpenmentally by Gellhom et al (119, 124) For 
example, in rats and cats whose blood sugar lev'el had been reduced by insulin 
to the pomt where slow activity dommated the EEG, the admmistration of pure 
oxygen could restore the normal activity, whereas inhalation of 7 to S% oxygen 
mixtures, which normally had no EEG effect, could abolish the electrical activ- 
ity of the cortex entirely Sugar and Gerard (309) observed that msuhn hyper- 
gl 3 cemia hastened the EEG failure produced by cerebral ischemia m the bram 
of the cat 

Maddock et al (241) have studied the effects of hypoglj'cemia produced by 
hepatectomy and evisceration of various laboratoiy animals, and found the EEG 
changes essentially similar to those produced by msuhn Utihzmg this method 
to determme whether other substances could substitute for glucose m bram 
metabolism, th^^ found that the EEG effects could be reversed by the mtra- 
venous administration of glucose, mannose and maltose, but not by fructose, 
galactose, haxose diphosphate (with or without adenyhc acid), glyceric aldehyde, 
succinate, fumarate, pyruvate, glutamate, or mixtures of gl} cenc aldehyde and 
glutamate or of glutamate and pyruvate 

In addition to the acute effects of low blood sugar, the persistent EEG sequelae 
of repeated bouts of hypoglycemia have also been mvestigated Knott and Gott- 
heb (206) concluded that the outstandmg effect of a course of msuhn shock treat- 
ments on EEGs taken one to 12 days after completion of a senes of treatments 
was an mcrease m the alpha mdex, most promment m the frontal areas Some 
patients showed an mcrease of activity below'^ 6 per second Greenblatt et al 
(163) found an mcidence of more than 50 per cent abnormal EEGs durmg long- 
term observations of the effects of h 3 qioglycemia on a group of diabetics who had 
suffered repeated msuhn reactions 

To summarize, the effects of msuhn hypoglycemia on the EEG mclude some 
degree of slowung of the dommant frequency and a sharp transition to slower 
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activity With the onset of coma, these charges are potentiated by anoxia and 
low COj tension They are presumably related to a limitation of cerebral me 
olism by restriction of the prmcipal substrate, but the actual neural rr- 
of slowmg has not been experimentally defined 

h Cyanide The use of cyamde m the determination of circulation time 
man has presented an opportumty for the study of the EEC effects of this 
After mtravenous mjection, the arrival of cyanide m the arterial circulation 
signalled by a bnef hyperpnea, probably of carotid body ongm, and EEG >• ^ 
can be detected shortly thereafter Rubm and Freeman (290) usually observ' 
an mcrease m the amphtude, regularity and amount of alpha activity folio ■ 
the mtravenous admmistration of 0 7 cc of two per cent sodium cyamde soh’'' 

In a few instances, the mcrease of alpha activity was followed by a decrease 
In addition, higher frequencies became more predominant and slow, irregular 
rh 3 dhms tended to disappear, while the frequency remained unaltered An inibal 
shght decrease of alpha activity was observed m a few cases, m some instances, 
it remamed unchanged In two cases however, bursts of high voltage regular 
slow activity were seen This is more m Ime with the axpenence of Lipton and 
Gibbs (233), who also recorded an mitial mcrease m activity m the alpha range 
foUowmg rapid mtravenous injection of unspecified small doses, but m addition 
saw high voltage 2-3 per second ivaves at the peak of drug action With still 
higher doses, very slow activity at per second appeared, mth a decrease m 
amphtude which sometimes proceeded to complete flattenmg of the record 
"When cyamde was given rapidly m suflSciently high dosage, sudden flattening 
occurred without precedmg slowmg 

In cats given a sufficiently large dose of cyamde, an mterestmg form of de- 
cerebrate ngidity occurs, often irreversibly Ward and Wheatley (33) have in- 
vestigated this phenomenon and found that it is based on swellmg of the di- 
encephalon secondary to circulatory changes and severe bram edema produced 
by the substance 

Smce the cyamde ion is primarily an inhibitor of oxidative metabolism, it might 
be expected that the effects m all systems would be identical with those of anoxia 
The accentuation of alpha rhythm descnbed above m human patients mdicates 
that the effects are not identical Although the difference might be ascnbed to 


the extra-cerebral (e g , carotid body) effects, Lorente de Nd (238) m his studies 
on peripheral nerve has observed an mterestmg action of cyamde m mcreasmg 
the negative after potential This and alterations m other properties of neurones 
mdicate that cyamde, unlike anoxia, produces a relative mcrease m the labile 
fraction of the membrane potential even while typical anoxic depolarization is 
progressmg In other respects the ion acts simply as if it were an inhibitor of 


oxygen uptake 

1 Pluoroacetate The rodenticide fluoroacetate offers a minor pubhc health 
problem m that it is an occasional source of epileptiform seizures after accidental 
mgestion by man The physiology, pharmacology and biochemistry of this sub- 
stance have recently been reviewed m the most defimtive fashion by Chenoweth 
( 54 ) who has also made extensive EEG studies (56, 57) Fluoroacetate blocks 
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a Dumber of metabobc reactions involving the acetate ion, but the ultimate man- 
ifestations of this common action vary wdely from species to species, dependmg 
apparently on quantitative differences in various tissues m the effects of the 
disruption of mtermediate carbohydrate metabohsm (54, 55) In man, fluoro- 
acetate poisomng may be manifested by epileptiform seizures, but death may 
result from cardiac failure as a result of ventricular fibrillation Some species, 
such as dogs and rats, show predommantJy central nervous effects, mcluding 
convulsions and respiratory failure Other species, such as the rabbit, show pri- 
maiy cardiac failure Man and rhesus monkey are mtermediate m response 

Cbenoweth and St John (56, 57) recorded the EEG of curanzed dogs follow- 
ing the mtravenous administration of fluoroacetate The first changes observed 
were increases m frequency and amplitude of temporoparietal and occipital activ- 
ity while frontal and cerebellar potentials remamed unaffected Two types of 
seizure patterns were observed m the EEG a high frequency high voltage dis- 
charge of the kind commonly seen durmg major convulsions in human or ani- 
mals, and a spike and wave type of discharge sometimes resemblmg superficially 
that of the paroxysmal dysrhythmia of petit mal m man Chenoweth et al have 
stressed this resemblance to clmical petit mal, but their records seem to mdicate 
that the spike-wave discharges may be of many forms and may occur over a 
Wide frequency range Convulsive discharges m the EEG and convulsive motor 
manifestations could be prevented by treatment with barbiturates, anticon- 
vulsants and carbon dioxide excess 

Ward (332) has recorded simultaneously the electrical activity of the cortex 
and subcortical structures foUowmg mtravenous administration of fluoroacetate 
m cats After a latent penod of several hours charactenzed only by depression, 
seizure discharges began m the cortex, thalamus and hypothalamus, associated 
with motor manifestations Hypothalamic slow activity occurred mdependently 
of that of the cortex, which showed waves or spike and wave formations of 3 
to 8 per second, while the thalamic records were charactenzed by spikes of high 
frequency and low amphtude The three centers were unsynchromzed except that 
the thalamic spikes were modulated m synchrony wnth the cortical waves 

Among mterestmg findings related to fluoroacetate seizures, Chenoweth (54) 
pomta out that animals such as rabbits which do not convulse after mtravenous 
admimstration of fluoroacetate m any dosage may be made to do so by mtra- 
eranial mjection Fluoroacetate seizures are preceded by a progressive decrease 
m the threshold for electroshock convulsions They are potentiated by neostig- 
mine, which suggests but does not prove a role of acetylcholme m their produc- 
tion The substance is not specific for higher centers, smce local apphcation to the 
cord or systemic administration after spinal transection may produce cord 
seizures followmg a penod of accentuation of all spinal reflexes Penpheral nerve 
treated with methyl fluoroacetate does not exhibit mcreased excitability, con- 
duction is ultimately blocked followmg an mcrease m threshold 

The metabobc correlates of these actions have also been reviewed by Cheno- 
weth (54) Gerard and his students (50a, 128) have shown that m frog brain the 
amphtude of the electncal activity and the oxygen consumption both may be re- 
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duced to about 50 per cent of normal by saturatmg doses of methyl fluoroacetate 
Hov ever, the lack of enzymatic specificity is seen m the depression of activity of 
other enzymes such as cholmesterase Of various carbohydrate mtermediates, fu- 
marate is most effective in preventmg the effects of fluoroacetate In frog nerve the 
restmg oxygen uptake is depressed nhile the active rise during propagation of 
impulses IS unaffected (30a, 89) 

Chenoweth (54) emphasizes the parallelism m resistance of various species 
and tissues to fluoroacetate, anoxia and cyamde, based presumably on the im- 
portance of oxidative as against glycolytic metabolism m the mamtenance of 
their function The specific metabohc blockmg action of fluoroacetate is appar- 
ently based on its close structural similarity to acetate ion, preventmg both com- 
plete oxidation of acetate and its entry mto the Krebs cycle Thus, m mtro 
studies have shoivn that acetate accumulates from a pyruA'ate substrate with a 
fall m oxygen uptake, and the formation of succmate is blocked Acetoacetate 
may still be formed from acetate but not vice versa, — apparently a mass action 
effect Various foreign ammes may be acetylated in the presence of the excess 
acetate, but acetylcholme formation is not altered 
In summary, the structural blockmg action of fluoroacetate may result m con- 
xuilsive manifestations and associated EEG changes, apparently m part through 
an mcrease m excitability which is seen throughout the central nervous system 
but not m penpheral nerve, although oxygen uptake of both bram and nerve 
is depressed Obviously these effects are qmte different from those of sunple 
anoxia Skillful use of such pharmacological tools as fluoroacetate brmgs promise 
of the early unravelmg of many problems m the relation of specific enzyme 
systems to nervous function It should of course be kept m min d that non- 
specific side effects of blockmg agents are the rule rather than the exception, 
and the specificity requires proof m each new experimental situation 
3 Miscellaneous agents and 'procedures There are many casual reports m the 
literature concemmg the EEG effects of substances which have not been further 
mvestigated m regard to their mechanism of action, either because of their ap- 
parent lack of theoretical or practical mterest or because of the peculiar tenacity 
with which neuropharmacological research chngs to comfortable chann els until 
social urgency and new financial sources of aid to research cause the stream to 
overflow Conversely, many substances for which other effects upon the central 
nervous system or upon penpheral nerve have been well descnbed have failed 
to appear m the schedule of the busy electroencephalographer, sometimes even 
when their clmical usage is quite general The resultmg lack of tangency between 
empincal EEG effects and other neurological actions has been the subject of 
previous complamt m this revieiv, and has discouraged the reviewers from any 
attempt to be complete and systematic until the field has matured considerably 
Therefore the remamder of this discussion will be devoted to a consideration of a 
few agents which have sufficient clmical or theoretical mterest to merit further 
research on the mechanism of their action upon the EEG 

a Water The effects of hydration on the EEG have received attention only 
recently, although pitressm antidiuresis and forced water mgestion have been 
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used for many years to precipitate seiaures for diagnostic purposes (250), and de- 
hydration has long been knoi\Ti to have some therapeutic value m convulsive 
disorders (104) Wilder (342) recorded the EEG of 14 male patients a ho had no 
history or clmical evidence of epilepsy After mjection of pitressm and an mtake of 
water sufficient to raise the body weight an average of three kg , half of the cases 
showed paroxysmal slow activity This change was poorly correlated with the 
degree of hydration No seizures were produced m this control senes The alpha 
frequency showed a tendency to slowmg, but m only three instances was the 
degree of change greater than that expected from day to day variation There 
was no significant change m the percentage time alpha activity Cohn, Kolb 
and Mulder (65) attempted to vahdate the pitressm-water test m a group of 23 
men, some of w'hom showed clmical and EEG evidence of a convulsive disorder, 
while the control senes had no manifestations that supported the diagnosis of 
epflepsy Of the 23 men, 20 showed a progressive mcrease m slow activity m the 
EEG regardless of previous history, of five patients who developed convulsive 
seizures, two manifested no preconvulsive changes dunng the procedure Bher 
and Redlich (27) obtamed somewhat more positive results with the pitressm 
water test m three groups of patients with mitially normal EEG records After 
hydration, three of the 11 patients with a defimte history of convulsive seizures 
revealed paroxysmal EEG changes, mcludmg fast activity, petit mal bursts, 
and “psychomotor” sharp waves, six showed mmor alterations, as did one of 11 
patients with a questionable diagnosis and one out of 10 controls Kaufmann 
it al (204) attempted hydration as an activation technic m a group of post- 
traumatic epileptics and a group of control post-traumatic encephalopathies wath- 
out seizures No patient showed EEG changes, although one epileptic had a 
generalized seizure two hours after the test Summanzmg these clmical observa- 
tions, it can be said that the EEG changes observed durmg hydration are not 
highly specific for convulsive disorders 

Water mtoxication m rats has been found by Gellhom and Balhn (121) to pro- 
duce alow waves of 1-3 per second frequency and high amphtude, appearmg 
smgly or m groups When the water dosage was lethal, these waves gradually 
dechned m amphtude until the animals died m deep coma as cortical activity 
disappeared Followmg the onset of slow wav'^es, convulsive discharges also were 
seen m some animals either as smgle or multiple spikes or m combmation with 
slow waves, occumng either as larval discharges or associated with convulsions 
In a nima l H treated with desoxycorticosterone, the EEG changes consisted largelj’’ 
of slow waves only, without convulsive discharges 

Pick and Miller (272) found that loss of diffusible electrolyte m frogs, accom- 
plished by keepmg them m distilled water for one to four weeks, caused a marked 
decrease m frequency and amphtude of bram potentials 

Both animal and clmical mvestigations therefore seem to mdicate that water 
mtoxication can cause the appearance of slow waves if the hydration is severe 
enough, and that more vigorous dilution of the body fluids sometimes but not 
invariably may elicit convulsive discharges 

There have been no systematic studies of the effects of hydration at all levels 
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of the nervous system, but it is known that cortical threshold for electncally or 
chemically mduced seizures are dramatically lowered by hydration (314) 
b Antibiotics The occasional occurrence of seizures followmg the therapeutic 
mtraventricular use of penicillm has led to a number of studies of the EEG effect 
of this and other antibiotics, chiefly by Walker and his colleagues (29, 202, 203, 
204, 308, 326, 328, 329), who have also reviewed the literature m the field (327, 
328) Seizures and EEG changes are not seen when even large doses are given 
intravenously or mtrathecally, but may appear when the antibiotics have direct 
access to the bram by mtracistemal, mtraventricular or subdural admmistration 
Subconvulsive EEG changes m man followmg mtraventncular penicilhn mclude 
slowmg of the alpha rhythm, mcreased amplitudes and the appearance of fast 
spike activity Preconvulsive smgle and multiple spikes have been described m 
cats and monke3f3 after local application of penicillm to the cortex (29, 326), 
and a similar picture is reported for streptomycm m vanous species (308) 
Fortunately, there seems to be a wide margm of safety between antibiotic con- 
centration and convulsive threshold for both pemciUin and streptomycm, so that 
their use m cerebral infections is not dangerous if the final concentration m the 
cerebrospmal fluid is properly controlled, however, the margin is less for strep- 
tothricm, actmomycm and clavacm (203, 328) 

As to the mecha nism of convulsive action of the antibiotics, httle can be de- 
duced from the hterature The reviewers (317) have noted that streptomycm 
IS unlike the typical convulsants m that it produces only evidence of depression 
when admmistered mtracistemally or mtrathecally m frogs High concentrations 
appear to block conduction m frog peripheral nerve by a process of depolariza- 
tion 

c Sulfonamides The sulfonamides are also capable of producmg convulsive 
manifestations upon local application to the cerebral cortex Epileptic seizures 
have been observed followmg topical application of sulfathiazole to the bram of 
man (334) and of experimental animals (274) Jasper et al (199) have studied 
the effects of microcrystallme sulfonamides upon the EEG of the monkey With 
sulfathiazole thus vigorous treatment of the cortex resulted m the appearance of 
a variety of persistent dysrhythmias, with preconvulsive spikes or sharp waves 
and focal seizure activity as frequent findmgs Sulfapyndme produced only de- 
pression of activity and sulfanilamide and sulfadiazme were without effect 
Aside from osmotic and other factors which may facilitate seizures when sul- 
fonamides are apphed topically, sulfathiazole may have convulsant effects when 
given systemically (199) The mechanism has not been studied 

d Antimalarials Because the EEG effect of antimalanals m routme clinical 
practice may be complicated by fever and cerebral mvolvement, the observa- 
tions of Engel et al (96) on normal control subjects receivmg quinacrme are of 
some mterest These authors report a progressive and sustained increase m aver- 
age frequency of cortical rhythms, associated wth signs of restlessness and ten- 
sion The supposed anticholmesterasic activity of qumacrme is mvoked by Engel 
el al to explam the clmical and EEG findmgs In contrast. Pick and Hunter (271) 
conclude that qumacrme has a depressant effect on cortical activity of cats 
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and frogs Gallouin and Lemaire (1 17) have noted a reduction in amplitude of 
alpha rh3rtlun m patients receiving single doses of quinme Perhaps more system- 
atic examination of the antimalanals will be mspired by the growing realization 
that these and other chemotherapeutic agents may have highly specific effects 
upon particular enzyme systems 

e Steroid hormones Passmg mention will be made of progesterone and desoxy- 
corticosterone acetate (DOGA) only because these steroids have frequently been 
reported to have central depressant effects m large doses (cf 297) Engel and 
Romano (95) found that DOGA could partially restore the abnormally slow 
EEG m patients m Addisoman crisis Glmical anticonvulsant effects have been 
claimed for chronic DOGA administration (251), and adrenal cortical extracts 
have been reported to improve both clmical and EEG signs of post-concussion 
syndrome (4) and to protect the exposed brains of animals from edema and as- 
sociated slowmg and reduction m amplitude of the EEG, presumably by a sta- 
bihzmg action upon blood vessels (165, 166) Total adrenal cortical extract is said 
to mcrease the frequency of the do minan t EEG rhythm m man, m contrast to 
a slowing effect of DOGA (167) The central effects of the adrenal cortical steroid 
hormones could perhaps be better evaluated if a greater effort were made to 
differentiate experimentally their concomitant actions upon water and electrolyte 
balance 

Progesterone (with diethyl stilbestrol) m doses sufficient to mduce menstrua- 
tion m menopausal women is said to be without effect upon the EEG (68) 

f Agemzed flour products Recent mvestigations on “canine hysteria”, a con- 
■vulsive disorder m dogs mamtamed upon a w'hite flour diet, have roused con- 
siderable apprehension regardmg the possibility of related central nervous dys- 
functions m man The syndrome was identified with the wheat gluten fraction 
by Wagner and Elvehjem (325), and w'as shoivn by Mellanby (252) to result from 
the “agene” process utiJizmg mtrogen chloride as a bfeachmg agent The active 
prmciple was finally locahzed by Silver et al (298) to agemzation products of 
cysteme and cystine The EEG correlates of the syndrome m dogs w ere studied 
by Enckson el al (101, 260, 261), who recorded preconvulsive 2-3 per second 
waves of high voltage and typical tomc-clonic seizure discharges during the at- 
tacks Silver (298) observed convulsive dysrhythmias m cats and dogs, and oc- 
casional slow abnormahties m monkeys, which ordmanly develop asynergy, 
tremor and weakness rather than seizures, these mvestigators established the 
onunous fact that the disorder once imtiated was relatively irreversible. Newell 
et al (261) faded to find EEG or clmical changes m patients given a diet nch m 
agemzed products for periods of several weeks, but the mvulnerabdity of man to 
this ci'vdized dietary refinement has not yet been proved beyond a doubt 

V CONCmiJBION 

From the foregomg review it should by now be obvious that the actions of 
drugs upon the EEG are at best poorly understood, even though the hterature is 
replete with empirical observations of chemically mduced alterations m the elec- 
trical acti'vity of the bram Only a limited number of drugs, — chiefly strychmne, 
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ether, the barbiturates, and some of the antiepileptics effective m grand mal, — 
have been exammed with sufficient thoroughness to permit a tentative mterpre- 
tation of their observed effects on the EEG m the hght of their abUity to bring 
about particular changes m the neurones of the bram 

Our prevaihng ignorance of the mechanisms of action of most drugs upon the 
EEG should therefore serve as a warning against any easy classification of drug 
effects as depressant, excitant, etc , on the basis of their modification of the EEG 
For example, to mterpret an mcrease m frequency of cortical waves as evidence 
of an excitant pharmacological effect is to ignore the many other mechanisms 
by which even depressant substances such as the barbiturates may cause an 
apparent mcrease m EEG frequencies at some particular dose level or stage of 
action Here as m other fields the passive acceptance of oversimplified generalisa- 
tions can lead to the disonentation of further mvestigation and delay progress 
both m research and m therapy 

Another source of error m the mterpretation of the EEG is the assumption that 
any observed alterations are the result of the direct action of the drug upon the 
cortex itself, when m the particular case the effects may be secondary to more 
fundamental actions elsewhere m the body Thus curanform drugs were thought 
to have profound direct EEG manifestations at one time until the role of anoxia 
secondary to neuromuscular paralysis was taken mto account 

Finally it should be remarked that the action of drugs on the normal EEG must 
be sharply distmguished from those manifested m the presence of preexisting 
abnormahties, particularly discharges of convulsive type Smce convulsive dis- 
charges seem to arise m a way quahtatively different from the normal components 
of the EEG and may be altered or obhterated by a number of different mecha- 
nisms, erroneous conclusions may easily be drann m attemptmg to translate evi- 
dence from one category to the other 

With respect to future work, it becomes clear that many refined and thorough 
neurophysiological mvestigations will be needed to close the gap between our 
present empirical information and our theoretical insight mto mechanisms of 
drug action upon the EEG Such analysis will undoubtedly necessitate the de- 
velopment of new methods for measuring the excitable and response character- 
istics of cerebral neurones, preferably of smgle cells Meanwhile the empirical 
climcal hterature would benefit from more careful description of the character- 
of drug-mduced changes in the EEG as well as the circumstances under which 
they were ehcited, m preference to the mere classification of EEG changes 
Similarly it is important to record other observed or known effects of the drugs 
used, m order to be able to recogmze secondary effects upon the EEG u hen they 
occur 

In conclusion, the EEG taken alone may often give frivolous or misleadmg in- 
formation concernmg the nature of drug action, but when supplemented nith m- 
formation obtamed by other methods it can add matenally to our knou ledge of 
the pharmacological actions of those drugs which have demonstrable central 
nervous effects Conversely, a more systematic pursuit of the EEG correlates 
of drugs with veil-known specific effects upon properties of neurones or upon 
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eazyme g stems w ould m turn probably lead to a better understandmg of the 
nature of the recorded electncal activity of the bram 
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ERRATUM 

An error m the dose figure for I-arterenol "was inadvertently made 
in the review article by A. M. Lands, “The Pharmacological Activity 
of Epmephnne and Related Dihydroxyphenylalkylamines,” m the 
September, 1649 issue of Pharmacological Reviews, VoL 1, No 2 
On page 284, last line, the dose by mtravenous mjection is 
given as 10-20 meg /kg /min . The dose should be 10-20 meg /mm. 
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